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Barbara McClintock discovered mobile genetic elements in maize 
[Zea mays L.) over forty years ago and showed that these elements could 
transpose and cause mutations by their insertion into new genetic loci 
(McClintock 1948, 1949, 1950, 1951; Federoff 1988). Since that time, 
many maize transposable elements have been identified and studied by 
genetic means (Doring and Starlinger 1986). Molecular studies of some 
of these elements (and element families) in the last decade have 
increased our understanding of their structure, expression, and 
regulation, but much remains to be learned (Federoff 1989). Expansion 
of these studies from in planta to in vitro systems has also begun, spurred 
by the demonstration that certain cloned maize elements could be 
introduced into dicot systems and function there (Baker et al. 1986; 
Baker et al. 1987). 
The best studied transposable element systems are the Activator-
Dissociation [Ac/Ds] system first described by McClintock (1945, 1946, 
1947) and the Suppressor-mutator (Enhancer-Inhibitor) (Spm(En)) 
system described in separate reports by Peterson (1953) and McClintock 
(1954). Both are two-element systems that consist of transposition-
competent (autonomous) and transposition-deficient (nonautonomous) 
elements. The Mutator transposable element system is less well 
understood, although its mutagenic capacity makes it of considerable 
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interest. This system was first described by Robertson (1978) in a line of 
maize which had a greatly Increased spontaneous mutation rate. Since 
then, genetic studies have elucidated the inheritance and timing of 
Mutator activity (Walbot et al. 1987) and molecular studies have 
uncovered a family of transposable elements that share homology with the 
inverted terminal repeats of the most prevalent element, Mul 
(Bennetzen 1984; Bennetzen et al. 1984; Barker et al. 1984). Regulation 
of Mutator activity, however, is not yet clearly understood. 
Tissue culture in plants allows the accumulation of potentially large 
amounts of tissue for study from a small and often Immature expiant 
source. The culturing of immature somatic embryos can result in the 
formation of embryogenlc callus tissue which Is capable of producing 
somatic embryolds (Armstrong and Green 1985). Adjustment of the 
growth conditions can then result in the regeneration of mature plants 
(somaclones) from these embryolds. Although plants regenerated from 
one embryogenlc callus line should, in theory, be genotypically identical 
to the donor plant, they exhibit both genetic and epigenetlc variation 
(Larkin 1987; Lee and Phillips 1988; Evans 1989). This variation, 
termed "somaclonal variation" by Larkin and Scowcroft (1981), has often 
been exploited for use in crop breeding programs. 
This dissertation research was designed to explore and investigate 
Mutator activity In a tissue culture system and in subsequently 
regenerated plants. These studies were initiated and pursued with the 
following questions In mind. First, can Mutator activity be detected in 
tissue culture? Second, can an in vitro system be used to study Mutator 
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activity and the relationship between Mu-element transposition and 
excision? Third, can in vitro systems help define factors which influence 
Mu-element excision? Fourth, what effect does the culture environment 
have on Mu-element structure and/or activity? Fifth, can Mutator activity 
be retained and/or reactivated in plants regenerated from tissue culture? 
And sixth, can plants regenerated from Mu-containing embryo cultures 
be used in further studies of the Mutator system, specifically with respect 
to tissue or developmental influences? 
Previous studies of both plant tissue culture and Mutator systems 
have indicated that these questions could be answered. Cultured 
endosperm tissues have been used in the phenotypic demonstration of 
transposable element activity in both the Ac/Ds and Spm(En) systems 
(Culley 1986; Gorman and Peterson 1978). Although similar studies of 
transposon activity In embryogenic callus have not been practical because 
of the uniform appearance of the tissue, the activation of previously silent 
transposable elements in plants regenerated from these cultures has 
been reported (Peschke et al. 1987; Evola et al. 1984). To date, however, 
this culture-induced activity has been investigated only in regenerated 
plants, and not in the cultured tissues themselves. The observation that 
embryogenic callus is rapidly proliferating suggests that this growth can 
allow the sufficient accumulation of both revertant and mutant tissues for 
molecular analysis (Green and Phillips 1975; Armstrong and Green 
1985). Previous molecular studies of the Mutator system have shown that 
the patterns of Mu element copy number, modification status, and 
genomic position can serve as indicators of Mutator activity in planta 
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(Alleman and Freellng 1986; Chandler and Walbot 1986; Bennetzen et al. 
1987, 1988; Walbot and Warren 1988). Similar analyses of Mu elements 
in vitro should be equally useful and should serve to reveal tissue-culture 
effects on the Mutator system, as well. 
In addition to providing responses to the questions posed in this 
study, it is hoped this work will provide background information for 
further in vitro experimentation. The demonstration of Mutator activity 
in embryogenic callus lines could be a useful first step in the use of such 
lines in in vitro mutagenesis, transposon tagging, and selection schemes. 
The use of Mutator is especially desirable in such experiments, because 
Mu elements have been shown to insert at virtually any maize locus 
investigated (Bennetzen et al. 1987). 
Transposable Elements 
The discovery of transposable elements in maize in the 1940s by 
Barbara McClintock paved the way for their discovery in prokaryotes and 
in many other eukaryotes In subsequent decades. The ubiquity of mobile 
genetic elements is now generally acknowledged. Genetic and molecular 
studies of these elements in many organisms have contributed much to 
our understanding of the dynamic nature of the genome both within the 
lifetime of an organism and over the course of evolution (Shapiro 1983; 
Chandler 1988). Transposable elements play a major role in an overall 
system of genome differentiation by their ability to alter chromosome 
structure, change cellular phenotypes, and create new developmental 
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patterns (Shapiro 1983; Federoff 1989). In fact, the ability of these 
elements to change or regulate patterns of gene expression in 
development led McClintock to designate them "controlling elements" 
(McClintock 1956). 
The behavior of transposable elements is understood in greater 
detail in maize than in other eukaryotic organisms. Maize transposable 
elements are classified in families based on their ability to interact 
genetically. Autonomous elements within a family are generally single, 
structurally-conserved elements that are transposition-competent. 
Nonautonomous elements are transposition-deficient, and are a more 
heterogeneous group of elements which are related to autonomous 
elements at the termini (Federoff 1983, 1989). Several families of 
transposable elements have been identified genetically or through the 
cloning of insertions (Doring and Starlinger 1986; Federoff 1989). The 
four maize transposable element families which have been studied most 
extensively at the genetic level are Ac/Ds, Spm(En), Mutator, and Dotted 
{Dt) (Federoff 1989). Of these families, Ac/Ds, Spm(En), and Dt have 
similar modes of action, while the Mutator system lacks definition of an 
autonomous element and seems to have a different transposition 
mechanism (Federoff 1983, 1989; Alleman and Freeling 1986). The 
Ac/Ds, Spm(En), and Mutator systems have been most thoroughly 
characterized at the molecular level (Federoff 1989). 
6  
The Mutator Transposable Element System in Maize 
The transposable element system that has become known as 
Robertson's Mutator was first discovered in a line of maize that had a 
greatly-increased mutation rate (Robertson 1978). Plants exhibiting 
Mutator activity produce new mutations at frequencies approximately SO-
SO X the spontaneous level (Robertson 1978, 1985a). Genetic studies of 
Mutator have shown that the mutagenic activity is transmitted as a 
dominant trait in a non-Mendelian fashion (Robertson 1978, 1981a,b). 
Approximately 90% of the progeny of crosses between Mutator and 
noxiMutator plants inherit Mutator activity, as assayed by the frequency of 
new mutants in seedling progeny from self-pollinated ears of the 
subsequent generation. Somatic instability was noted in approximately 
40% of the newly induced mutants, suggesting that they were the result 
of transposable element insertions (Green 1977). 
Mutator was first characterized at the molecular level by the 
isolation of a discrete element from an unstable Mutator-induced allele of 
Adhl (Bennetzen et al. 1984). Sequence analysis showed that this 
element, designated Mul, is 1376 base pairs (bp) in length and has 
features typical of a transposon (Barker et al. 1984). These features 
include inverted terminal repeats of 213 and 215 bp and flanking host-
site duplications of 9 bp. Hybridization with Mul now defines a family of 
elements which share homology in the inverted terminal repeats. Mul. 7 
is nearly identical to Mul, but contains an insertion of approximately 380 
bp of unique-sequence DNA (Taylor and Walbot 1987). Approximately 10 
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- 70 copies of Mu i-homologous elements are found in active Mutator 
plants. Other Mu elements have been identified that share the inverted 
terminal repeats of Mul but have different internal regions (Chen et al. 
1987; Talbert et al. 1988; Schnable and Peterson1989; Wessler et al. 
1987) The best-characterized of these is Mu3, a 1.85 kilobase pair (kb) 
element isolated from a mutant Adhl allele (Chen et al. 1987). 
Extrachromosomal forms of Mul and MuJ.7-homologous DNA that are 
associated with Mutator activity have been reported, but their 
significance is unknown (Sundaresan and Freeling 1987). 
The Mu elements studied to date are not thought to be capable of 
autonomous transposition, and factors which regulate their transposition 
are uncharacterized. However, Robertson has recently reported the 
establishment of stocks which exhibit a classical two-element pattern of 
inheritance of somatic instability (Robertson 1987a). In addition, the 
Mutator system has been shown to interact genetically with the Cy system 
(Schnable and Peterson 1989) which shows near-Mendelian inheritance 
of its regulatory elements (Schnable and Peterson 1988). Mu elements 
do not interact genetically or share sequence homology with other 
transposable elements such as Ac/Ds or Sprr^En) (Robertson and Mascia 
1981). 
Mutator is unique in its ability to induce mutations at virtually all 
maize loci Investigated (Bennetzen et al. 1987, 1988; Brown et al. 1989). 
Most mutant alleles examined contain insertions of Mul - or Mul.7-like 
elements (Lillis and Freeling 1986). Molecular studies have shown that 
these Mu elements transpose at an extremely high rate and exhibit a 
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gene-specific insertion preference (Alleman and Freeling 1986; 
Bennetzen et al. 1987,1988; Brown et al. 1989). This insertional 
preference may even extend to specific regions within a gene (Brown et 
al. 1989). 
Mu-element transposition is thought to occur in a replicative 
manner (Alleman and Freeling 1986; Bennetzen et al. 1987). Molecular 
analyses indicate that Mu elements do not leave their previous site as an 
obligatory part of transposition; therefore, new Mu copies arise via 
replication of old copies (Shapiro 1979; Alleman and Freeling 1986). 
The study of Mu-element copy number has given Insight into the timing 
of Mutator transpositional activity. Mu-element copy number is 
maintained on outcrossing of active Mutator lines, but decreased by 
approximately half on outcrossing of lines which have lost their high 
forward mutation rate (Alleman and Freeling 1986; Walbot and Warren 
1988). Coupled with the observation that element copy number 
increases with the self-pollination of active Mutator lines, this implies 
that copy numbers have already been increased in the gametes (Alleman 
and Freeling 1986). Furthermore, copy number has been shown to 
remain stable (and not increase) in mature tissues of the plant (Walbot 
and Warren 1988). 
Several lines of genetic evidence suggest that Mu-element 
transposition is developmentally triggered, taking place either relatively 
late in the development of the germline, around the time of meiosis, or 
within the gametophyte or early in the development of the embryo. 
Indications that most Mu-induced mutants arise late in development 
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come from their typical appearance as single mutants within large 
populations (Robertson 1980, 1984; Walbot 1986). Concordance 
between most endosperm and embryo mutant phenotypes also suggests 
that mutations occur prior to the mitotic division which separates the 
two sperm In the gametophyte (Walbot and Warren 1988). However, 
discordance of endosperm and embryo phenotypes seen in some Mu-
induced yl mutants also demonstrates that mutation can occur in the 
male gametophyte or early in the zygotic embryo (Robertson 1985b, 
1986, 1987c, 1988). Further evidence that mutational events occur in 
the gametophyte or the zygote is seen in a standard test for Mutator 
activity. This test involves an outcross between a Mu plant (usually as a 
male) and a standard non-Mu plant. Each plant involved in the cross is 
also self-pollinated to ensure that neither parent segregates for new 
mutations. Approximately 50 seeds from an outcross progeny ear are 
planted and the resulting plants self-pollinated. Approximately 50 seeds 
from each of these 50 selfed ears are then analyzed in sandbench tests 
for the appearance of new mutants (Robertson 1978, 1981b). 
Occasionally, new seedling mutants segregate at unexpected frequences 
(less than expected 3:1 ratios), suggesting that the mutational event 
occurred early in the development of the embryo of the plant which was 
self-pollinated, rather than in the gamete of the original Mu parent 
(Robertson 1986). Also, the occasional observation that approximately 
half the plants in the outcross progeny segregate for a new mutant which 
was not seen in the self-progeny of the Mu parent suggests that the 
1 0  
mutation occurred in the cell lineage of the tassel of the Mu parent, but 
not in the ear (Robertson 1986). 
Somatic instability in active Mutator lines has been shown, 
specifically in the case of bzl-mu2, to be the result of Mu-element 
excision from the locus (Taylor and Walbot 1987). The typicsd pattern of 
small, uniform revertant sectors on a mutant background indicates that 
excision occurs relatively late in the development of somatic tissues 
(Robertson 1980, 1981b). Because only a few germinal revertants have 
been seen in Mutator lines (Brown et al. 1989), excision is thought to be 
a process which is specific to the soma. Thus, Mu-element excision, like 
transposition, seems to be under developmental control. The 
relationship between excision and transposition in the Mutator system is 
not yet clearly understood. The timing of these processes indicates that 
they are not necessarily coupled, and may respond to different tissue- or 
development-specific factors. While it has been observed that the loss of 
somatic instability often correlates with a loss of forward mutation 
(Bennetzen 1985; Walbot 1986), recent evidence suggests that somatic 
mutability is not an accurate or reliable predictor of transpositional 
activity (Robertson 1987b; Roth and Robertson 1987). 
Mutator activity is lost in approximately 10% of outcross progeny 
(Robertson 1978). This "outcross loss" is typically noted as the absence 
of new Mii-induced mutations in standard tests for activity (Robertson 
1978). Loss of activity also typically occurs after two to four generations 
of inbreeding of Mutator lines (Robertson 1983). The "inbreeding loss" is 
observed either as a loss of germinal activity (Robertson 1983; Alleman 
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and Freellng 1986) or somatic mutability (Chandler and Walbot 1986) and 
is accompanied by a stabilization of Mu-element copy number (Alleman 
and Freellng 1986). Mu elements of Mutator-induced mutant alleles that 
have become somatically stable by inbreeding have been shown to be 
modified at specific restriction sites, as detected by the inability of 
enzymes sensitive to 5' methylation of cytosine to cleave the DNA 
(Bennetzen 1985; Chandler and Walbot 1986). As a result of these 
studies. Mutator activity (or its loss) is assessed by various means. Assays 
for Mutator activity include the Induction of new mutant phenotypes, the 
appearance of somatic instability in Mu-lnduced mutations, 
hypomethylatlon of Mu elements, and maintenance of the expected 
pattern of copy number transmission. 
Loss of somatic instability at Mu-lnduced mutant alleles often 
occurs in Mutator lines despite their retention of postulated regulatory 
elements (Robertson 1983; Walbot 1986). Spontaneous reactivation of 
mutability rarely is seen in these inactive lines (Walbot 1988). However, a 
recent study has shown that somatic instability of a reporter allele (bzl-
mu2) was restored after gamma irradiation of kernels, and Mu elements 
In this line were shown to reassume a hypomethylated state (Walbot 
1988). This is the first report of the reactivation of Mutator by a stress-
agent. The application of other stress agents, including tissue culture, 
should provide insight into the efficiency and means by which stresses 
activate transposable elements. 
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Plant Tissue Culture 
Tissue culture was initially conceived and utilized as an efficient 
method for cloning plants. It provided the ability to regenerate large 
numbers of plants from cultured organs (often shoot tips), and was often 
more efficient and economical than conventional methods of asexual 
propagation (Evans 1989). Furthermore, plant regeneration from tissue 
culture resulted, to a large extent, in clonal fidelity (Murashige 1974). 
Tissue culture also made possible experimental manipulations on large 
populations of physiologically and developmentally uniform cells, and 
enabled the selection of defined mutants (Morrish et al. 1987). And 
finally, tissue culture opened up possibilities for the introduction of 
foreign DNA to many plant species (Chaleff 1983). 
Plant tissue culture is a broad term encompassing many callus types 
which differ in their cellular structure and organization, source of origin, 
and ability to regenerate plants (Vasil and Vasil 1986). "Rooty callus" is 
derived from mature and differentiated tissues and has a tendency to 
form roots when the concentration of auxin in the medium is low. 
Similar to "shooty callus", this callus is thought to proliferate from pre­
formed merlstems which are induced by exogenous hormone levels (King 
et al. 1978). Plants which regenerate from such calli do not arise de novo 
from callus cells, but are thought to be derived from the original expiant 
(Morrish et £d. 1987). Calli which do produce de novo shoots and roots 
have been divided into two categories: those which undergo 
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organogenesis and those which produce somatic embryos (Morrish et al. 
1987). 
Organogenic callus formation has been reported in many plant 
species, as well as its production by many different organs (Vasil and 
Vasil 1986). It consists of parenchymatous and vacuolated cells which 
are surrounded by soft, friable tissues. Organogenic callus grows rapidly 
and can form suspension cultures in many cereal and grass species (Vasil 
and Vasil 1986). Plants regenerated from organogenic callus are 
produced by the organization of shoot meristems which develop into 
adventitious shoots, then form roots (Vasil and Vasil 1986). Histological 
studies and the identification of chimeric régénérants indicate that 
plants regenerated from these callus types are multicellular in origin 
(Springer et al. 1979; Lupi et al. 1981; Mix et al. 1978). Furthermore, 
they have been shown to exhibit much variability (Morrish et al. 1987). 
Thus, these calli are unsuitable for routine clonal propagation, but are 
useful as sources of somaclonal variants. 
Embryogénie callus formation has been reported for many cereals 
and grasses (Vasil and Vasil 1986). It is predominantly produced by 
immature inflorescences, embryos, and leaves, but its production is 
initiated only by a few cells at specific locations (Dale 1980; Vasil and 
Vasil 1980, 1981; Lu and Vasil 1981; Lu et al. 1982; Thomas and Scott 
1985). These initiating cells typically adjoin the procambial strand in the 
scutellum of young embryo expiants (Vasil and Vasil 1982; Lu and Vasil 
1985). Embryogénie callus is typically white in color, is compact, and 
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consists of large numbers of starch-containing meristematic cells 
(Morrish et al. 1987). 
In maize, two different types of embryogénie callus have been 
described: Type I callus, which is compact and nodular, and is produced 
from a wide variety of hybrid and inbred lines (Lu et al. 1982, 1983; 
Armstrong and Green 1985; Tomes and Smith 1985); and Type 11 callus, 
which is soft, friable, and rapid-growing, and can be formed by only a few 
maize lines (Green 1982, 1983; Armstrong and Green 1985; Tomes and 
Smith 1985; Vasil and Vasil 1986). Type I callus is similar to 
embiyogenic callus described in other gramineous species (Vasil 1985), 
and consists of mixtures of short meristems and scutellar-like structures 
which proliferate adventitiously (King et al. 1978; Springer et al. 1979). 
The meristematic regions in Type I callus give rise to shoot apices which 
are suppressed at the two-leaf stage. These are not structurally 
associated with root meristems, indicating that organogenesis is the 
primary mode of regeneration for Type 1 callus (Freeling et al. 1976; 
Springer et al. 1979). Somatic embryogenesis can also occur in Type I 
cultures (Lu et al. 1982). Scutellar-like structures form somatic 
embryoids which have well-defined shoot-root axes supported by 
suspensor-like stalks (Vasil et al. 1984, 1985). However, this Type I 
embryogenic callus can typically be maintained for only a few subcultures 
because of the increasing organization of the callus tissues (Lu et al. 
1982). 
Friable, embryogenic Type II callus tissues were initially isolated as 
spontaneous sectors of Type I callus in A188 tissue cultures (Phillips et 
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al. 1988). It has since been discovered that formation of Type II callus 
from immature embryos of the maize inbred A188 can be induced by the 
addition of L-proline to the culture medium, although the metabolic basis 
for this induction is not understood (Armstrong and Green 1985). TVpe 
II callus consists of somatic proembryoids and embryoids on suspensor 
structures with narrow bases, suggesting at least in some cases a single 
cell origin (Green 1982, 1983). This callus can maintain both its rapid 
growth and embryogenic capacity in long-term culture (Green 1982; 
Tomes and Smith 1985; Vasil and Vasil 1986). It can also form 
suspension cultures (Green et al. 1983; Lowe et al. 1985; Cheng et al. 
1986; Donovan and Somers 1986; Kamo and Hodges 1986; Paterson et al. 
1986; Vasil and Vasil 1986) and serves as an excellent source of 
protoplasts, an important feature for gene manipulation in vitro (Imbrie-
Milligan and Hodges 1986; Vasil and Vasil 1986; Vasil et al. 1986). 
Plant tissue responses in vitro are governed by choice of tissue 
expiant, developmental stage of the tissue, environment, culture medium, 
and genotype. Immature embryos are the most widely used expiant 
source for the initiation of regenerable maize tissue cultures. During 
culture, the ^gotic embryo per se is not recovered, but embryogenic 
callus is produced (Green and Phillips 1975; Armstrong and Green 1985; 
Phillips et al. 1988). Studies have shown that there is a particular stage 
of development, a "window of competence", to which the capacity to 
produce embryogenic callus is confined (Green and Phillips 1975; 
Armstrong and Green 1985). In maize, only embryos of approximately 1 -
1.5 mm in length in which the scutellum has just begun to differentiate 
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are capable of producing totipotent embryogénie cultures (Beckert 1982; 
Armstrong and Green 1985). Also, callus proliferation succeeds only 
when the root-shoot axis is in contact with the culture medium and the 
scutellum is oriented away from the medium (Green and Phillips 1975). 
This orientation retards germination and Induces the proliferation of 
scutellar cells to produce callus. 
Factors which control embryogenic competence are thought to be 
specific to the developmental stage of the expiant, inasmuch as the 
culture medium and environment remain constant. Competence may also 
be a response of a particular developmental stage to the culture 
conditions (for example, osmoticum), or may be due to endogenous 
hormone or nutrient levels (Morrish et al. 1987). However, hormone 
levels and distribution have been shown to change in plants subjected to 
stresses such as shifts in temperature, nutrient levels, photoperiod, and 
light intensity (Morrish et al. 1987). The culture environment may also 
serve as such a stress agent and thereby alter conditions within the 
embryo. Genotypic effects can also influence embiyo response in culture. 
Such traits as ability to produce callus, callus proliferation rate, callus 
requirements for subculture, and ability to regenerate whole plants have 
all been shown to be genotype-dependent (Lu et al. 1982, 1983; Tomes 
1985; Tomes and Smith 1985; Hodges et al. 1985; Bruneau 1985). 
A knowledge of differences in cultured plant tissue morphology, 
stability, and growth potential can be helpful in determining suitable 
tissues, genotypes, and culture conditions for the successful growth of 
cultured tisses. Furthermore, an awareness of the factors influencing in 
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vitro responses, particularly with respect to embryogenic competence, 
and regenerative capacity, is essential for the successful regeneration of 
plants. 
Somaclonal Variation 
Although tissue culture was initially utilized as a means for clonally 
propagating plants, it was often noticed that the plants regenerated from 
culture were phenotypically different from the donor plant. Preliminary 
studies of potato somaclones (Shepard et al. 1980) and régénérants from 
sugarcane (Heinz and Mee 1971) and geraniums (Sklrvin and Janick 
1976) suggested that tissue culture was a source for novel variants in size, 
morphology, yield, and disease resistance. This variation was eventually 
termed "somaclonal variation" by Larkin and Scowcroft (1981). 
Somaclonal variation is typically seen in the first- or second-
generation progeny of regenerated plants and arises In the absence of any 
selection pressure. Initially viewed as an impediment to clonal 
propagation, it has become recognized for its potential application in the 
production of useful new varieties. Until its discovery, the main sources 
of genetic variation had been either mutation or crosses with unrelated or 
wild species, followed by selection for desired characteristics. In 
contrast with these methods, somaclonal variation offers speed, 
slmpliciiy, and ease of Incorporation into ongoing breeding programs. 
Furthermore, studies have shown that somaclonal variation can produce a 
1  8  
higher frequency of variation than chemically-induced mutagenesis 
(Gavazzi et al. 1987). 
Initial interest in somaclonal variation was primarily in its 
heritabilily and its utility, and secondarily in the source of the variation 
and factors controlling it. Studies of the heritability of somaclonal 
variants found that many mutant traits could be stably recovered, but 
others underwent reversion after one cycle of propagation (Larkin and 
Scowcroft 1983). Thus it was apparent that the variation observed in 
regenerated plants resulted from both genetic changes, involving gene 
mutation, and epigenetic changes, involving alterations in gene 
expression (Meins 1983). Although novel variant traits have generally not 
resulted from tissue culture, agriculturally useful variants have been 
identified for several crop species. These include content of solids in 
tomato, male sterility in tomato and rice, yield in rice, earliness in maize, 
freezing tolerance in wheat, disease resistance in wheat, sugar cane, 
potato, celery and tomato, and leaf and flower color and morphology in 
ornamentals (Evans 1989). In maize, more than 50 singe-gene mutant 
phenotypes have been recovered from regenerate progeny, although the 
number of loci involved is unknown (Phillips et al. 1988). Quantitative 
trait variations have also been described in maize as a result of passage 
through culture, including vigor, yield, silking and pollen shedding dates, 
lodging, plant height, ear length, and kernel weight (Beckert et al. 1983: 
Earle and Gracen 1985; Lee 1986). In addition, cytoplasmic variation has 
been seen, with a high level of variation in mitochondrial DNA 
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(Gengenbach et al. 1981; Brettell et al. 1982; McNay et al. 1984; Chourey 
et al. 1986). 
Many studies have described variation that arose during culture and 
was not pre-existent in the donor plant (Larkin 1987), However, tissue 
culture is undoubtedly not the sole source of all variation observed. 
Variety may also be inherent in the expiant cultured or may result from 
genome instability which is triggered by culture conditions (for example, 
disruptions in the regulation of the cell cycle) (D'Amato 1975). Factors 
which appear to contribute to the degree and nature of somaclonal 
variation are plant genotype (Ogura 1978; McCoy et al, 1982; Browers and 
Orton 1982; Meins 1983), type and developmental status of the expiant 
introduced into culture (Banks-Izen and Polito 1980; Meins 1983), media 
components (Dolezal and Novak 1984; Oono 1985), subculture duration 
(Orton 1980; McCoy et al. 1982; Ahloowalia 1983; Armstrong et al. 
1983), callus type (Orton 1980; Armstrong and Green 1985), and 
environmental conditions (McCoy et al. 1982). 
Analysis of somaclonal variants has proceeded to the point where it 
is possible to identify many of the genetic and epigenetic changes taking 
place in culture. The most commonly reported changes are as follows: 
Alteration of chromosome number Changes in chromosome 
number have been frequently observed both in culture and in regenerated 
plants, with polyploidy the most common change (D'Amato 1975; Huang 
and Chen 1988). Culture-induced aneuploidy, most often in the form of 
monosomy and trisomy, has also been reported in many regenerated 
plants, especially in polyploid species (Edallo et al. 1981; McCoy et al. 
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1982; Ahloowalia 1983; Orton 1983; Karp and Maddock 1984; Creissen 
and Karp 1985). 
Chromosome rearrangements Rearrangements Involving 
chromosome structure, Including inversions, translocations, and 
deletions, have been described. Such rearrangements imply 
chromosome breakage events (Murata and Orton 1983; Larkin 1987), and 
it has been proposed that late-replicating heterochromatin may be 
involved in this process (Sacristan 1971; McCoy et al. 1982; Benzion et 
al. 1986; Lee and Phillips 1988). 
DNA amplification, deampliflcation Amplification of certain 
DNA fractions has been reported in tobacco tissue expiants and 
regenerated plants, particularly in heterochromatlc regions and highly 
repeated sequences (Durante et al. 1983; DePaepe et al. 1983; Orton 
1984; Lapitan et al. 1988) Also, deampliflcation, or reduction, of 
ribosomal DNA fractions has been observed in potato protoclones 
(Landsmann and Uhrig 1985). Of particular interest is the reported 
amplification in culture of the petunia glutamine synthase gene, in 
response to selection with the herbicide phosphinothricin (Donn et al. 
1984). 
Single gene changes Tissue culture variation also has 
included single gene changes (dominant, semi-dominant, and recessive) 
(Brettell et al. 1986; Evans and Sharp 1986), some of which, as in the 
case of a maize Adhl variant, are due to changes in a single base-pair 
(Dennis et al. 1987). 
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Mitotic crossing over Mitotic crossing over, as detected by 
the appearance of homozygous recessive mutants in regenerated plants, 
has been observed in plants recovered from maize, tobacco, tomato, 
Arahidopsis, and wheat cultures (Larkin 1987; Loh et al. 1987; Evans 
1989). This type of recombination seems to be unique to somaclonal 
variation. 
Activation of transposable elements In maize, the culture-
induced activation of both cryptic Ac and Spm(En) elements has been 
described (Peschke et al. 1987; Evola et al. 1984). Peschke et al. (1987) 
demonstrated a 3% Ac activation frequency in outcross progeny of plants 
regenerated from embryogénie lines in which the Ac elements were 
known to be inactive. Similarly, Evola et al. (1984) described the 
reactivation of Spm(En) elements in approximately half of a small 
population of plants regenerated from culture. Many other unstable 
variants which suggest transposable element activity have been reported 
in régénérants of maize tissue cultures, as well as other plant culture 
systems. In maize. Woodman and Kramer (1986) reported an unstable 
white cob variant and Armstong (1986) reported an unstable albino 
phenotype. In alfalfa, the level of somatic instability in flower color 
mutants was shown to increase after passage through tissue culture and 
subsequent regeneration of plants (Groose and Bingham 1984, 1986). 
And in tobacco, an increased spotting frequency was observed in 2 of 20 
régénérants of a protoplast-derived culture (protoclones) of heterozygous 
sulfur (Su/su) mutants (Lorz and Scowcroft 1983). This increased 
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frequency was thought to result from an unstable Su-mutator. Variegation 
in flower pigmentation was also observed In some of these plants. 
Several genetic and cytogenetic mechanisms have been proposed to 
account for somaclonal variation. The principal cytogenetic event 
occurring In culture seems to be chromosome breakage, as evidenced by 
régénérants heterozygous for translocations and duplications/deficiencies 
(Lee and Phillips 1988; Phillips et al. 1988). Delayed replication of late-
replicating heterochromatin has been implicated in the generation of 
these breakage events (Sacristan 1971; Rieger et al. 1975; Pryor et al. 
1980; McCoy et al. 1982; Lee and Phillips 1988). Nucleotide pool 
imbalances have also been cited as a possible cause of culture-induced 
chromosome aberrations (Lee and Phillips 1988). Such imbalances 
impact on DNA replication, repair, and recombination processes and can 
lead to single gene mutations, mitotic recombination, chromosome 
aberrations, and aneuploidy (Lee and Phillips 1988). The activation of 
cryptic transposable elements, described above, has also been suggested 
as a mechanism for the induction of variation (Brown and Lorz, 1986; 
Larkin 1987; Phillips et al. 1988; Evans 1989). Because transposable 
element activity has been shown to be initiated by chromosome breakage 
events (McClintock 1942, 1945; Freeling 1984), these two putative 
mechanisms may be interrelated. Finally, culture-induced DNA 
methylation changes have been suggested as a means by which 
transposable elements may be activated (Lee and Phillips 1988). 
Generalized changes in methylation have been shown to occur in plants 
regenerated from maize embiyogenic cultures and it is possible these 
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changes may be responsible for at least some of the epigenetic variation 
which arises from tissue culture (Brown and Lorz 1986). 
To date, there have been no reports of the molecular examination 
of DNA methylation changes or transposable element mobility during 
culture. This study examines the methylation patterns and genomic 
positions of populations of Mu elements in embiyogenic callus lines to 
seek evidence for Mutator activity in an in vitro environment. In the 
process, insight into molecular changes which occur in culture should be 
gained. This study also investigates excisional activity of Mu elements at 
specific loci in both embryogenic and endosperm callus lines. In 
addition, plants regenerated from Mutator embiyogenic lines are tested 
for Mutator activity to establish whether activity can be maintained 
and/or reactivated through the culture process. And finally, tissue- or 
development-specific influences on Mu-element methylation status and 
genomic position are explored in these somatically-derived régénérants. 
Explanation of Dissertion Format 
In the research for my doctoral dissertation, several questions 
concerning Mu-element activity in cultured maize tissues and 
regenerated plants were addressed. The research reported here 
describes for the first time molecular evidence for Mu-element 
transposition in embryogenic callus tissues. In addition, phenotypic 
evidence for Mu-element excision from specific loci in cultured 
endosperm tissues is presented. Genetic as well as molecular data are 
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provided for Mutator activity in plants regenerated from embryogenic 
lines which were derived from active Mutator parents, and genetic data 
are reported that suggest a low-level reactivation of a Mu-loss system in 
regenerated plants. This research also reports tissue- or development-
specific differences in Mu-element modification and genomic position 
among regenerated plants. Because of the broad area covered in this 
research and the contributions of others to specific portions of the 
research, as well as for convenience of publication, I have chosen to 
present my results as a series of discrete papers, or sections. 
Section I describes the establishment of embryogenic callus lines 
and subclonal lines and characterizes the Mu elements in these lines with 
respect to copy number, modification status, and genomic position. 
Molecular evidence for Mu-element transposition in embryogenic 
subclonal lines is reported here. The work described in this section is 
my own. This includes all planting, field-maintenance and crossing of 
maize stocks, harvest and culture-initiation of immature embryos, 
maintenance and propagation of embryogenic lines, and molecular 
analyses. 
In Section II, Mu-element excision from both the bz-Mum8 and wx-
Muml loci in cultured endosperm and embryogenic tissues is explored. 
The portion of the research which provides phenotypic demonstrations 
of somatic instability at these loci in endosperm callus tissues was 
conducted by the second author, Dr. Henriette Foss. My contribution as 
senior author involved the molecular analyses of Mu elements in related 
and corresponding embryogenic callus lines. Planting, field-
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maintenance, and crossing of maize stocks, and culture establishment 
and maintenance of callus lines was conducted by the second author for 
the endosperm portion of the research, and by myself for the 
embryogénie portion. 
In Section III, plants regenerated from embryogenic callus lines are 
examined for evidence of Mutator activity. Régénérants of a line derived 
from an active Mu parent are shown by genetic and molecular analyses to 
have maintained Mu-element transpositional activity. Genetic analysis of 
régénérants of a line derived from a Mu-loss parent indicates that a low-
level reactivation of Mutator activity has occurred in these plants. As 
senior author, my contribution involved the planting and crossing of most 
maize stocks, the establishment and maintenance of all embryogenic 
lines, the regeneration of plants from tissue culture, some of the crosses 
of regenerated plants, and all molecular analyses. The second author, 
Philip Stinard, carried out many of the crosses involving regenerated 
plants, conducted all of the seedling tests, and contributed advice in the 
genetic analyses. The third author. Dr. Donald S. Robertson, supplied 
maize stocks, field and greenhouse space and personnel, and supervision. 
Comparisons of Mu-element modification and genomic position 
among DNAs of various tissues of regenerated plants are described in 
Section IV. Differences in Mu-element modification among various maize 
tissues are reported in this section. Also reported are tissue-specific 
differences in Mu J-homologous restriction fragments which may 
represent tissue-specific Mu-element excisions. The work in this section 
is entirely my own. 
26 - 28 
My dissertation research was conducted with the guidance, 
supervision, and support of Dr. Joan Stadler, who provided all laboratory 
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experimental schemes and aided in the interpretation of data. 
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SECTION I. MOLECULAR CHARACTERIZATION OF MUTATOR 
SYSTEMS IN MAIZE EMBRYOGENIC CALLUS 
CULTURES INDICATES MU-ELEMENT ACTIVITY 
IN VITRO 
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Molecular characterization of Mutator systems In maize 
embryogenlc callus cultures indicates Mu-element activity in vitro 
Martha G. James 
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ABSTRACT 
Active Mutator lines of maize are characterized by their ability to 
generate new mutants at a high rate, and by somatic instability at 
Mutator-induced mutant alleles. Mutagenically active lines with fewer 
than 10 Mu elements per diploid genome have not been observed. 
Alteration of Mutator activity has been shown to correlate with the state 
of modification of Htnfl restriction sites that lie within the inverted 
terminal repeats of Mu elements. To determine whether active Mutator 
systems can be established and maintained in culture, copy number and 
modification state of Mu elements were Investigated in embryogénie 
callus lines derived from the Fi's of crosses of active Mutator stock with 
the inbred lines A188 and H99. All callus lines studied maintain high 
Mu-element copy numbers, and more than half show a continued lack of 
modification at the Mu element Hinfl sites; thus, parameters associated 
with mutagenic activity in planta are present in some, but not all, of the 
callus lines. To test for Mutator transpositional activity, subclonal lines of 
A188/MU2 and H99/Mu2 cultures were examined for molecular evidence 
of Mu-element mobility. Novel Mu-homologous restriction fragments 
occurred in 38% of the subpopulations that contained unmodified Mu 
elements, but not in control cultures containing modified elements. We 
conclude that Mu elements from active Mutator parents can remain 
transpositionally active in embryogénie cell culture. Active Mutator cell 
lines may be useful for the production of mutations in vitro. 
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INTRODUCTION 
In 1978, Robertson described a line of maize characterized by the 
ability to generate new mutants at a high frequency, 30 to 50 times the 
spontaneous level (Robertson 1978). This Mutator system was first 
characterized molecularly by the Isolation of a 1376 base-pair (bp) 
element from an unstable Mutator-induced allele of Adhl (Bennetzen et 
al. 1984). Sequence analysis showed that the element, designated Mul, 
has transposon-llke features which Include Inverted terminal repeats of 
213 and 215 bp flanked by 9-bp host sequence duplications (Barker et al. 
1984). Hybridization of genomic DNA from Mutator lines with Mul 
reveals a family of elements of different lengths that are similar in 
structure and share homology in the terminal repeats (Barker et al. 1984; 
Walbot et al. 1985; Taylor et al. 1986; Chen et al. 1987; Talbert et al. 
1988). Related sequences of this type, collectively termed Mu elements, 
are typically found in 10 to 70 copies in Mutator stocks (Bennetzen 
1984). The best characterized elements, Mul and Mul.7, are thought to 
be Incapable of autonomous transposition. 
There is evidence that Mu-element transposition occurs by 
replication (Alleman and Freellng 1986) and that it is developmentally 
rather than chronologically triggered, taking place either late in the 
development of the germllne (meiotlcally or post-meiotically) (Robertson 
1980, 1981a, 1984) or early in the development of the embryo 
(Robertson 1985, 1986, 1988). Transpositional activity is retained in 90 
percent of outcross progeny (Robertson 1978) but is typically lost after 
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two to four generations of Intercrossing (Robertson 1983). About 40 
percent of all newly induced mutants are somatically unstable (D. 
Robertson, Department of Genetics, Iowa State University, personal 
communication). This instability yields wild-type revertant sectors, due 
to excision of the Mu element from the mutant allele (Taylor and Walbot 
1987). Because it is not known whether transposition and excision are 
related, total Mutator activity is usually measured by two criteria: 1) the 
induction of new mutants, stemming from Mu element transposition: and 
2) somatic mutability of mutant alleles, representing Mu-element 
excision events. 
Alteration of Mutator somatic activity correlates with the state of 
modification of Hinfl restriction sites that lie within the inverted repeats 
of Mu elements. Mu elements of Mutator-induced mutant alleles that 
have become somatically stable by intercrossing have been shown to have 
modified Hinfl sites, while these Hinfl sites remain unmodified in Mu 
elements of lines showing continued somatic mutability (Chandler and 
Walbot 1986). Bennetzen and coworkers found that lines with extensive 
Mu -element modification had also lost mutagenic activity in subsequent 
generations (Bennetzen et al. 1987). Mutagenically active Mutator lines 
with fewer than 10 Mu elements per diploid genome have not been 
observed (Bennetzen et al. 1987), and stable maintenance of a high Mu-
element copy number from one generation to another is thought to be a 
feature of an active Mutator system (Walbot and Warren 1987). 
Research to date with the Mutator system has centered primarily 
on the analysis of differentiated maize tissues in planta, including leaves, 
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seedlings, immature ears, and kernels. However, tissue culture can 
provide an important extension of studies of certain in planta 
phenomena. In vitro methods have been used in a limited way to analyze 
the activity of the Activator and Enhancer transposable element systems 
in maize endosperm cultures (Reddy and Peterson 1977; Culley 1986), 
and more extensively in the analysis of transgenic expression of Ac 
activity in tobacco (Baker et al. 1986). For this study, Type II 
embryogénie callus lines containing families of Mu elements were 
established from Fi embryos of crosses of active Mutator lines with two 
maize inbreds. Type II callus lines of maize (Armstrong and Green 1985) 
are reliably fast-growing, allowing for continued analysis of an expandable 
pool of tissue which is genotypically identical except for random 
rearrangements induced by somaclonal variation. 
We report the characterization of Mu-element copy number and 
Hfnfl-site modification in 13 independently derived embryogenic callus 
lines. In addition, we present molecular data indicating transposition of 
Mu elements in vitro. 
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MATERIALS AND METHODS 
Seed Stocks 
Mutator stocks were generously supplied by D. S. Robertson, Iowa 
State Unlverstity. First-generation Mutator stock is designated Mu2. the 
progeny of a cross between two standard Mu lines (Robertson 1983). 
Mu2 lines were used as active Mutator parent stock because of their 
expected high mutation frequency. Mu lines Intercrossed for four or five 
generations and were used as presumptive inactive Mu 
parent lines (Robertson 1983). A188 seed was a gift from R. L. Phillips, 
University of Minnesota, and H99 seed was a gift from W. A. Russell, Iowa 
State University. 
Crosses 
Crosses of maize inbred lines A188 and H99 with Mutator lines 
and the Type II embryogénie cultures derived from each cross are listed 
in Table 1. Inbreds A188 and H99 were chosen as Fi parents because of 
the previously demonstrated ability of the immature embryos of these 
lines to form embryogénie callus (Green and PhUUps 1975; Hodges et al. 
1986). Mu2 parental lines were also outcrossed to standard lines for 
subsequent tests of Mutator activity (Robertson 1978). 
Culture Initiation and Maintenance 
Cultures of 9- to 12-day embryos (approximately 1 to 2 mm in 
length) were initiated by standard methods (Green and Phillips 1975) on 
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N6 basal medium (Chu et al. 1975) supplemented with 2% (w/v) sucrose, 
0.74 mg/liter 2,4-dichlorophenoxyacetic acid (2,4D), 6 mM L-asparagine, 
5.5mM myo-lnositol, 12 mM L-prolIne, ^d 0.3% Gelrite (Kelco). One 
month after culture initiation, the proline concentration was reduced to 
6mM. Cultures were incubated at 28° C in the dark. After two weeks, all 
embryos were moved without selection to fresh medium. Type II 
embryogénie callus (Armstrong and Green 1985) was thereafter selected 
and propagated biweekly, and the remaining tissue from each line was 
saved and stored at -20OC (Figure 1). 
DNA Isolation and Southern Blot Analysis 
Genomic DNA was isolated from frozen embryogenic callus tissue 
by the method of Rivin et al. (1982). After purification by 
ultracentrifugation, DNA concentrations were determined 
spectrophotometrically. Restriction enzymes were obtained from 
Bethesda Research Laboratories and New England Biolabs and were used 
according to the suppliers' instructions. Approximately 5 ug of high-
molecular-weight DNA was digested with 3 to 5 units of restriction 
enzyme/ug DNA and subjected to electrophoresis through 0.8% agarose 
gels. UV-nicked DNA fragments were transferred to Genetran (Fiasco) by 
the procedure of Southern (1975). After baking for two hours at 80° C, 
under vacuum^ and washing for two hours at 65° C in O.lX SSC, 0.1% 
SDS, hybridizations were carried out in 50% formamide, 5X Denhardt's, 
3X SSC, 100 ug/ml denatured salmon sperm DNA, 1% SDS, 5% dextran 
sulfate, and ~2 x 10^ cpm 32p_iabeled DNA at 42° C for 36 hours. Filters 
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were washed In 50% formamide, 5X SSC, 0.2% SDS for 30 minutes at 
420 c, then washed 3 times for 45 minutes each in 0. IX SSC, 0.1% SDS 
at 65° C with agitation and exposed to Kodak XAR-5 film with a 
Lightening Plus intensifying screen (DuPont) at -70° C for 2 to 5 days. 
Filters were prepared for rehybrldizatlon by removal of probe in washings 
at 950 cinO.lX SSC, 0.1% SDS. 
Probes 
The Mul probe used was a 959 base pair Mlid fragment Isolated 
from pJMA4, which contains a clone of the entire Mul element. This 
fragment contains 944 base pairs of the Internal portion of the Mul 
element and 15 base pairs from one of the inverted terminal repeats 
(Figure 2D). To check for complete digestion of DNA samples, blots were 
stripped and rehybrldized to a 9 kb maize ribosomal tandem repeat probe 
isolated from pZmRl by digestion with EcoRI. pZmRl was kindly 
supplied by D. Grant, Pioneer Hi-Bred International. Probes were labeled 
with 32p by the random hexamer (Pharmacia) primer reaction (Feinberg 
and Vogelsteln 1983). 
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RESULTS 
Experimental Design: 
Scheme for Propagation of Embryogénie Cell Populations 
and Collection of Samples for Molecular Analysis 
Progeny embryos from each inbred/Mutator Fi ear were cultured 
(To) and examined after four weeks (T2) and six weeks (T3) for the 
appearance of Type II embryogénie callus. At T2 and T3 tissues from 
embryos with the best Type II embiyogenic morphology were preserved 
and propagated as separate embryogenlc callus lines, whereas all other 
sib embryos and nonembryogenic tissues were pooled and stored at 
-20^0 (Figure 1). Beginning with T4, the best Type II callus from each 
individual line was transferred and propagated, and nonselected tissues 
were stored separately at -20° C for subsequent molecular analysis. In 
this manner, all tissue descending from each embiyo population was 
saved in the fresh or frozen state. DNA isolated from sib embryos pooled 
at four and six weeks (T2 and T3) was analyzed molecularly to give the 
earliest possible characterization of Mu elements in a embiyogenic callus 
culture. 
To determine the effects of culturing on Mu-element copy number 
and modification state, it was necessary to make comparisons with 
parental plant controls. Leaf samples taken at the four- to seven-leaf 
stage from Mutator parents were used for molecular analysis of Mu-
element copy number and Hinfl-site modification (Table 1). In addition, 
all Mu2 parent plants were tested genetically for Mutator activity 
Figure 1. Scheme for propagation of embryogénie cell populations 
and collection of samples for molecular analysis. Inbred 
A188 or H99 plants were crossed with Mutator stock as 
described in Table 1. Embryos harvested at approximately 
the ten-day stage from F1 progeny ears were initiated in 
culture on N6 medium supplemented as described 
(Materials and Methods). Embiyos with the best Type II 
embryogenic callus were continued as callus lines at the 
second transfer (T2) while nonselected embryos were 
pooled and stored at -20^C for subsequent molecular 
analysis. All tissue from each selected callus line was either 
transferred to fresh medium or stored at -20^C at each 
subculture. Leaves from the 4- to 7-leaf stage of the plant or 
immature second ears were used for molecular analysis of 
inbred and Mutator parental plants. All Mutator parents 
were outcrossed to standard lines. The F2 progeny of these 
crosses were used in the test for Mutator activity as 
described (see Results). 
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(Robertson 1981b). In this test, Mu^ plants were outcrossed to a 
standard line, and at least 50 Fi seeds were planted and self-pollinated 
in the next growing season. Approximately 50 seeds from each F2 ear 
were then planted in a sand bench and screened for seedling mutants. 
The observed mutation frequency (percentage of Fi plants segregating 
for seedling mutants observed) is used as a measure of Mutator activity. 
By this criterion. Mutator parent plants 207-8, 863-8, and 647-8 were 
mutagenically active. In contrast. Mutator parent plant 657-2 generated 
no new seedling mutants (Table 1). 
The number of Mul-hybridizing sequences (endogenous Mu 
elements) in each inbred parent line was determined by analysis of 
genomic DNA isolated from leaf samples of A188 and H99 plants at the 
four- to seven-lezif stage. A188 was found to have two resident Mu-
hybridizing sequences and, H99, one (data not shown). 
Six A188/MU2, seven H99/MU2, one H99/Mu32^ and two 
H99/Mu16 embryogénie lines were chosen for molecular analysis because 
of their excellent Type II callus phenotype and fast growth. 
Mu-element Copy Number 
Determination of Mu-element copy number In these Fi 
embiyogenlc callus lines was made in two ways. First, copy number 
reconstructions of 10, 20, and 50 copies of Mu elements were 
established from the Mul-containing plasmid pJMA4. For callus lines 
with unmodified Mu elements, visual density comparisons were then 
made between these copy reconstructions and the 1.3-kb Mul element 
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3579-3 X 021-1 7% na 
3579-16 X 021-1 7% na 
646-8 X 207-8 12% 
643-9 X 863-8 30% 
H99/MuZ 
607-4 X 606-3 na na 
647-8 X 845-6 4% 
657-2 X 846-3 0 na 
H99/Mu32 
666-2 X 640-8 na na 
666-4 X 640-9 na na 

































^ Percent new seedling mutants in F2 seeds (Robertson 1981b). 
bfffn fl-site modification of Mix elements (+, all modified; - , none 
modified; +/- , mixture of modified and unmodified; na, no data available). 
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bands generated by digestion with Hinfl and hybridization with the Mul 
probe. Similar comparisons were also made by digesting DNA from callus 
cultures with modified Mu elements with the enzymeTthl 1II, another 
enzyme for which there are restriction sites in the Mu-element inverted 
repeats (Figure 2D). Although there is no published information on the 
specific effect of 5-methyl-deoxycytosine on cleavage by Tthllll, 
otherwise modified Mu elements have been cleaved with this enzyme 
(Chandler and Walbot 1986). These methods allow crude estimates of 
copy number for both unmodified and modified Mu elements. Second, 
because the Mu elements are normally dispersed throughout the genome, 
digestion of DNA with enzymes that cleave outside the Mul elements 
yields a ladder of discrete bands upon hybridization with Mul. A count of 
the number of these Mu J-hybridizing bands provides a more accurate 
assessment of copy number. With these two methods, we determined 
that all A188/Mutator and H99/Mutator embryogenic callus lines used in 
this study have approximately 15 to 25 copies of randomly dispersed 
Mu J-hybridizing elements. 
Modification State of Mu Elements in 
Fi Embryogénie Callus Lines 
The most common type of modified nucleoside in plant DNA is 5-
methyl-deoxycytosine (Grlerson 1977). In maize, approximately 25% of 
the deoîqrcytosine residues are methylated, primarily at CpG or CpNpG 
sites (Hake and Walbot 1980). Although there are conflicting reports on 
the methylation sensitivity of Hinîl (McClelland and Nelson 1985; 
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Gmenbaum et al. 1981), Chandler and Walbot (1986) suggest that the 
modification seen at Mu-element Hinfl sites Is deoxycytosine methylation. 
Digestion of DNA with Hinfl and subsequent hybridization with a 
Mul probe results in discrete 1.3-kb and 1.6-kb bands which represent 
the Mul and Mul.7 elements, respectively, when the Mu-element Hinfl 
sites are unmodified. However, if the cytosine residues within the Hinfl 
recognition sequences are methylated, the enzyme will fail to cleave the 
DNA at those sites. In this case, hybridization with the Mul probe yields 
a ladder of bands larger than 1.3 kb because of Hinfl digestion at 
unmodified restriction sites external to the Mu elements. When such 
modification was observed, DNA from the same line was digested with 
Tthllll. The absence of higher molecular weight bands homologous to 
Mul upon digestion with Tthllll indicates that the ladder of bands seen 
with Hinfl digestion is due to Mu-element modification, rather than the 
presence of larger sized Mu J-homologous elements in the genome. 
The state of Mu-element Hinfl modification varies in the thirteen 
Fi cultures examined (Table 1). Among the six A188-derived 
embryogenlc callus lines, one culture (646-8D, Figure 2B, lane 3) has Mu 
elements which are uniformly modified at these restriction sites, one has 
a mixed population of Mu elements with both modified and unmodified 
Hinfl sites (646-8C, data not shown), and four have only Mu elements 
which are unmodified at the Hinfl sites (3579-3A and 3579-16C, Figure 
2A: 643-9B and 646-8B, Figure 2B). Similar variation occurs when H99 
is the contributing inbred parent (Figures 3A and B). Although the 
sample size is small, these data indicate that the genetic contribution of 
Figure 2. Htnfl digestions of genomic DNA from AlSS/Mu^ embryogenlc cultures and Mu^ parent 
plants (number in parentheses indicates months in culture). DNA samples (5 to 8 ug) 
were digested with Hfnfl. electorphoresed through 0.8% agarose gels, transferred to a 
nylon membrane, and hybridized with the fragment of Mul [Mu/Mlid) shown on the 
restriction map (D). A: DNA from tissue samples of A188/Mu^ callus line 3579-3A, 
isolated after 7 months and 19 months in culture, was digested with Hinfl (A, lanes 1 and 
2); DNA from tissue samples of line 3579-16C, taken at the same time points, was 
similarly digested (A, lanes 3 and 4). B: Hinfl digestions of DNA from tissue samples of 
pooled sib embryos (pooled at T2 and T3) of the crosses 646-8 x 207-8 (B, lane 1) and 
643-9 X 863-8 (B, lane 4); and, Hinfl digestions of DNA from individual embryogenic 
callus lines 646-8B (B, lane 2), 646-8D (B, lane 3), and 643-9B (B, lane 5). C: DNA from 
immature leaf samples of Mutator parent plants 207-8 (C, lane 1) and 863-8 (C, lane 2) 
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Figure 3. HinSl and Tïhllll digestions of genomic DNA from H99/Mutator embryogénie callus 
cultures (number in parentheses indicates months in culture). DNA samples (5 to 8 ug) 
w e r e  d i g e s t e d  w i t h  H i n f l  o r T t h l  1 I I  a n d  t r e a t e d  a s  d e s c r i b e d  i n  F i g .  2 .  A :  L a n e s  1 - 3  
show Hfnfl digests of DNA from tissue of line 607-4B isolated after 3, 6, and 9 months in 
culture, respectively. Lanes 4-6 show Hinfl digests of DNA from tissue samples of 
sibling line 607-4A after 3, 6, and 9 months in culture. B: Hinfl and Tthl 1II digests 
of DNA from pooled sib embryos from the crosses 845-6 x 647-8 (B, lanes 1 and 2, 
respectively), and 846-3 x 657-2 (B, lanes 5 and 6, respectively): and, Hinfl digests of 
descendent H99/Mu^ embryogénie callus lines (sibling lines 647-8A and 647-8B in lanes 
3 and 4; sibling lines 657-2A and 657-2C in lanes 7 and 8). C: Hinfl andTthllll digests 
of DNA from H99/Mu^ ^  callus lines 666-4A (lanes 1 and 4, respectively) and 666-2A 
(lanes 3 and 6, respectively), and H99/Mu32 line 666-6A (lanes 2 and 5, respectively). 
607-48 (3) I 
607-48(6) 
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neither inbred parent is sufficient to provide strong, uniform regulation 
of the state of Hinîl modification in Fi hybrid cultures. 
As expected, those callus lines generated by crossing H99 with 
inactive Mutator parents (Mul6 and Mu32) show complete Hinfl 
modification of Mu elements, as seen in outcrosses of Mutator lines 
previously made inactive by intercrossing (Bennetzen 1987) (Figure 3C, 
lanes 1 - 3). 
Mu-element Modification State is 
Stable over Time in Culture 
Two A188/Mutator callus lines {3579-3A and 3579-16C) have been 
in continuous culture for almost two years. For line 3579-3A, comparison 
of samples teiken after 7 and 19 months in culture showed that complete 
absence of Hinfl modification of Mu elements persisted (Figure 2A, lanes 
1 and 2). Similar examination of line 3579-16C after 7 and 19 months 
also indicated stability of modification state; however, the appearance of 
two faint, high molecular weight bands in the later sample indicated that 
some modification of Mu elements may have taken place after many 
months of growth in vitro (Figure 2A, lanes 3 and 4). 
Mu-element modification in sibling H99/MU.2 lines (607-4A and 
607-4B) was also examined after three, six, and nine months of culturing. 
At all three time points, the Mu elements in line 607-4B remained 
uniformly unmodified (Figure 3A, lanes 1-3), whereas sibling line 607-
4A retained approximately 24 copies of Mu elements modified at Hinfl 
(Figure 3A, lanes 4 - 6). 
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The basic stability of the initial state of modification in almost all 
lines examined suggests that continued culturlng does not generally 
reverse modification patterns that were established early in culture. 
Comparison of Mu-element Modification In 
Parent Plants and Fi Cultures 
The experimental plan used in this study allowed comparisons of 
Mu element modification and mutagenic activity in the Mu2 parent with 
the modification state of Mu elements in the pooled Fi sib embryos (T2 
and T3) as well as with the individual callus lines established from the 
same ear (Table 1). Embryos derived from crosses involving Mu2 parents 
with significant mutagenic activity, and/or families of Mu elements 
unmodified at the Hirdl sites, do give rise to callus cultures with stably 
inherited, unmodified Mu elements; for example, line 643-9B (Table 1). 
This parallels the observation that Mu elements of Fi plants in the first 
outcrossed generation remain urmiodified (Bennetzen, 1987). In two 
Instances, however, there is discordance between the state of Mu-
element modification in the Mu2 parent and the descendant callus 
cultures. In Une 646-8D and in sibling lines 647-8A and B (Table 1), 
mutagenlcally active Mifi parents with urmiodified Mu elements gave rise 
to Fi embryogénie calli with modified elements. When this unexpected 
modification occurred. It was detected In pooled sib embryos In culture 
as early as 38 days after fertilization (28 days after expiant). 
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New Mu-hybridlzing Restriction Fragments in Subclonal 
Populations of A188/Mu2 and H99/Mu2 Callus Lines 
New transposon insertions in planta are detected by the 
appearance of a new, usually mutable, phenotype. In cell culture, when 
such phenoiypic evidence is absent, Mu-element transposition must be 
inferred from the appearance of novel Mu-hybridlzing restriction 
fragments. As a result of our procedures, in which selected tissues are 
propagated biweekly and nonselected tissues are stored for molecular 
analysis (Figure 1), inoculum for each new stock transfer often includes 
less than 10% of the cell population in later passages, and in early 
passages (12 and T3), often much less than 1%. This culture method 
causes population "bottlenecking", so that random events which occur in 
only a few cells may be lost (Cavalli-Sforza and Bodmer 1971; HoUiday et 
al. 1977). Thus, a de novo transposition event which occurred in one cell 
and was transmitted to only a few cell descendants in the two weeks 
between subculture would have a 90% probability of being excluded from 
transfer by exile to storage. In this instance, it is likely that the low copy 
number of newly generated restriction fragment polymorphisms in 
stored tissues would be beneath the limits of detection by Southern 
analysis. 
To avoid these stochastic problems caused by bottlenecking, 
subclonal populations of A188/Afii2, H99/Mu2, and H99/Mu32 callus 
lines were established and grown without selection or storage of tissue 
(Figure 4A). A small (1 cm) callus clump from a young culture (Tio, 20 
weeks) exhibiting a good TVpe II embryogenlc phenotype was subdivided 
PLEASE NOTE: 
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into 10 mlcrocalU, each 3 mm In diameter (with approximately 1.5 - 3 x 
104 cells). All progeny callus in each of these subclonal lines was 
cultured and propagated until 10 to 17 g of tissue could be harvested. 
During this time, each microcallus line underwent at least 11 population 
doublings to produce about 3 x 10^ cells. DNA isolated from each of 
these terminal samples was digested in single digests with BgBl, Ssû, 
and Xbal, enzymes which do not cleave within Mul, and hybridized with 
the Mul probe. In the A188/MU2 Une 646-8B, which contains 
unmodified elements, one to four novel restriction fragments were 
detected in three of the eight subclonal lines examined. To illustrate. 
Figure 4C presents a comparison of two subclonal lines (646-8B1 and 2), 
without and with new restriction fragments, respectively. In 646-8B2 
(Figure 4C, lanes 6 and 8), new Mu-homologous restriction fragments 
were seen after digestion with Ssfl and Xbal, but not with BgQl. In 646-
8B1 (Figure 4C, lanes 3, 5 and 7), the patterns of restriction fragments 
seen after Ssû, Xboî, and BgUî digestion were identical to those in four 
other sister subclonal populations which showed no novel fragments (data 
not shown). Similar analysis of the subclonal lines of H99/Mu2 Une 647-
8B, which contains a mixed population of modified and unmodified Mu 
elements, showed that three of eight of these sublines exhibited one to 
four new restriction fragments upon digestion with Xbal (Figure 4B, lanes 
1 and 2). 
Because random chromosomal changes (somaclonal variation) occur 
in cultured plant tissues (Larkln and Scowcroft 1981), some 
nontranspositional rearrangements involving Mu elements might be 
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expected. Using Southern analysis, these chromosomal alterations might 
also be detected as Mu restriction fragment polymorphisms. To 
investigate this possibility, subcultures of a callus line with an inactive 
Mutator system were established as described. In these sublines, new 
Mu-hybrldlzing restriction fragments would be expected to occur because 
of somaclonal variation rather than Mu-element transposition. Gel blot 
analysis of the DNA of 10 subclonal lines from H99/Mu32 (666-6A, a fifth-
generation intercrossed line with Mu elements modified at the Hinfl 
sites) showed no change in the Mul-hybridization profiles. Genomic 
DNAs were also digested with Ssfl, Xbcd, and BgUl, as well as with Hinfl, 
which acts as an external-cleaving enzyme when Mu elements are 
modified. Examples of this uniformily of Mu insertion pattern are shown 
in Figure 4D. Such stability indicates that rearrangements of Mu-
homologous fragments due to somaclonal variation probably did not occur 
in these subclonal lines during the 11 population doublings tested. 
DISCUSSION 
The establishment and characterization of Independent maize 
embryogenlc cultures with potentially active Mutator systems is 
described. These cell lines were derived from Fi progeny of 
mutagenlcally active Mifi plants crossed with inbred lines capable of 
producing embryogenlc callus. In these cultures, transmission of 
unmodified Mu elements in high copy number from the parent plants to 
the Fi calli was followed by stable transmission of these traits through 
many rounds of tissue transfer. Support for the hypothesis that the Mu 
elements in these cultures should be transpositlonally active lies first in 
the fact that, like active Mutator systems in planta, they contained 
multiple copies of unmodified Mu elements. Also, since embryogenlc 
callus lines arise from early tissue in which there is evidence for Mu-
element transposition in planta (Robertson 1985, 1986, 1988), it was felt 
that these compatible developmental Influences might persist in culture. 
To test this hypothesis directly, molecular evidence for Mu element 
transposition was sought in experiments designed to fix and amplify new 
genomic insertions in small subpopulations of two Fi callus lines (646-8B 
and 647-8B) containing unmodified Mu elements. Within each family of 
parallel subclonal lines, transposition events were indicated by the 
appearance of novel Mu-homologous restriction fragments in three of 
eight of the sublines. In contrast, uniformity of four hybridization profiles 
in ten subclonal lines of an inactive Mu/H99 Fi hybrid line showed that 
random chromosomal rearrangements involving Mu elements did not 
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occur. This lack of rearrangement in the latter control cultures suggests 
that the novel bands seen In the A188/Mu2 and H99/Mu2 subclonal lines 
represent the transposition of Mu elements to new positions in the 
genome during culture. 
An alternative explanation for the origin of the novel Mu-hybridizing 
restriction fragments in A188/Mu^ and H99/Mu2 subclonal lines is that 
the progenitor tissue of the embiyogenic cell line may have been 
multicellular rather than unicellular in origin, and that this tissue might 
therefore have been mosaic for Mu insertion patterns. Possible 
mosaicism for genomic Mu insertion pattern within each Fi embryogénie 
culture established from a small amount of embryonic tissue is made 
unlikely, however, by the described method of culture in early tissue 
transfers. Severe bottlenecking not only tends to eliminate low level de 
novo events but also contributes to homogeneity in the remaining cell 
population. Also, founder effect (Cavalli-Sforza and Bodmer 1971) in 
successive subcultures preceding Tio should have revealed latent 
mosaicism. Southern analysis of all tissues before Tio (4 g in 5 time 
samples), however, showed that none of the novel restriction fragments 
seen in the sublines could be detected in the DNA of these earlier tissues 
(data not shown). The observed absence of Mu-restriction pattern 
variations in these early cell generations further indicates that the 
experiments with nontruncated subcultures have allowed retention and 
detection of new Mu-hybridizing fragments which occurred 
spontaneously during their growth. 
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The correlation between absence of Mu-element modification and 
Mutator activity observed in planta (Chandler and Walbot 1986) was also 
demonstrated in vitro by the finding that only lines containing 
unmodified Mu elements exhibited new restriction fragments (Figure 4). 
The role of modification in the regulation of Mutator activity is not clearly 
understood. For example, it Is not known whether methylatlon results 
in the loss of Mutator activity or, conversely, whether an inactive Mutator 
system allows methylatlon. Bennetzen (1987) suggests that sequences 
within Mu J-like elements may be genetically active and that modification 
may block transcription of factors necessary for transposition. 
Alternatively, he suggests that the modification of Mu elements may 
Interfere with their ability to Interact appropriately with a trans-acting 
transposase. 
Because it has been shown that progeny from outcrosses of Mutator 
stock have Mu elements unmodified at the Hinfl sites (Bennetzen 1987), 
it was expected that all of the embryogenic cultures established from the 
Fi progeny of an outcross between an active Mutator line with H99 or 
A188 would contain similarly unmodified Mu elements. The finding that 
many of the Mu elements in approximately half of the cultures from active 
MU2 parents were modified at the Hinfl sites is surprising and suggests 
that this change may be due to conditions related to the establishment of 
cultures from maize embryos. It is known that the culturing of plant 
tissues results in Increased genetic variability (Larkin and Scowcroft 
1981). Genetic and cytogenetic changes such as aneuploldy, 
chromosomal rearrangement, and increased frequency of recombination 
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have been well documented (Review, Larkin et al. 1985), and more subtle 
molecular effects have also been characterized. For example. Brown and 
Lorz (1986) report that generalized changes in methylation of genomic 
DNA are triggered by tissue culture stress, and they suggest that these 
methylation changes may contribute to somaclonal variation. Also, some 
still uncharacterized conditions of plant cell culture are known to activate 
previously silent controlling elements. Peschke and coworkers (1987) 
report the Induction of Ac activity in somaclones regenerated from 
embryogénie culture derived from parent plants with cryptic Ac, and 
Groose and Bingham (1986) describe the in vitro activation of an unstable 
somaclonal mutant for flower color in alfalfa. 
Our findings Indicate that modification of the Mu element Hinfl 
sites, when seen, was an event which probably occurred before four 
weeks In culture and that the state of transposon modification was not 
altered further during the succeeding year of cell growth. This suggests 
that an initial shock, caused by the expiant of the embryo and/or its 
transfer to the in vitro environment, may have triggered the modification 
events. The in vitro generation of somatic mutability in alfalfa (Groose 
and Bingham 1986), also occurred at the onset of the culturlng process. 
An alternative interpretation is that modification of the Mu-element Hinfl 
sites in these cultures may have resulted from the developmental stage of 
the tissue cultured, rather than from the culturing process per se. 
Research with mammalian cells has shown that most cell types are 
capable of methylating CpG sequences but that early embryonic cells in 
culture are particularly active in this respect (Review, Bird 1986). Bird 
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(1986) and others speculate that the de novo methylatlng activity in cells 
may be higher than usual In the embryo or that the methylatlon may be 
the consequence of inactivity of certain genes at this stage. 
It Is interesting to note that five of the eight Fi cell lines obtained 
from crosses of Mu^ parents which were genetically positive for 
mutagenic activity (and contained unmodified Mu elements when tested) 
had complements of Mu elements which were either entirely unmodified 
or, conversely, entirely modified. This indicates that the factor(s) 
regulating modification in vitro acted in those Instances to produce a 
cell-wide event. Although the three remaining cultures from active Mu^ 
parents show a mixture of modified and unmodified elements, this may 
only reflect a mixed cell population rather than a mixture of states of 
modification within individual cells. The segregation of Mu-element 
modification states between Fi cultures, including those from the same 
inbred background or the same ear (Table 1), suggests either the 
segregation of a regulator from the Mu^ hybrid parent or the operation of 
subtle environmental Influences upon the early development of Individual 
immature embryos before expiant. 
Active Mutator systems in maize culture have at least two useful 
applications. First, it should be possible to take advantage of the 
mutagenic activity of the Mutator system previously demonstrated in 
planta. Mobile Mu elements in these cell lines may be very effective as 
mutagens and subsequent gene tags In the production of culture-
selectable maize mutants. Mutants of maize cell physiology will strongly 
complement the extensive genetic knowledge of this organism derived 
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from mutant genes obtained in the field. Also, additional studies of the 
Mutator system per se, especially the effects of environmental stress on 
regulation of Mu-element modification and activity, will be possible with 
these cell cultures. 
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ABSTRACT 
In the Mutator system in maize, factors which regulate Mu-element 
excision and transposition are not yet clearly understood. Both processes 
seem to be under developmental control, although they are not 
necessarily coupled. To investigate whether excision is a useful predictor 
of transpositional activity and possible tissue- or development-specific 
influences on Mu-element excision, endosperm and embryo cultures 
were established from active Mutator lines In which Mu elements had 
inserted at particular loci {wx-Muml and bz-Mum8). 
Mu-element excision from reporter alleles is readily scored as 
somatic instability in endosperm (and accompanying aleurone) tissues in 
planta. Although Mu-element excision has not previously been reported 
in endosperm cultures, such cultures have provided phenotypic 
demonstrations of both Ac:Ds and Spm(En) activity (Culley 1986; Gorman 
and Peterson 1978). We report the phenolyplc detection of revertant 
wildtype sectors in both bz-Mum8 and wx-Muml cultured endosperm 
calU. The pattern of sectoring for each locus suggests that Mu-element 
excision in vitro is under developmental regulation similar to that seen in 
planta. Molecular examination of bz-Mum8 and wx-Muml embryogenic 
callus cultures which directly corresponded or were related to 
endosperm callus lines revealed Mu-element stability at these loci over 
time in culture. This study hints that the type of expiant cultured may be 
crucial to the analysis and that Mu-element excision may be subject to 
tissue- or development-specific controls. 
7 0  
INTRODUCTION 
In maize, Robertson's Mutator (Robertson 1978) is unique in many 
respects compared with other plant transposable element systems. Most 
significantly. Mutator lines of maize show a dramatic increase in mutation 
frequency, approximately 50 times the spontaneous level. The molecular 
basis for Mutator activity lies in the transposition of Mu elements, a family 
of elements which share homology to the inverted repeats of Mul 
(Bennetzen et al. 1984) but have different internal regions. Mu elements 
exhibit a gene-specific insertion preference (Alleman and Freeling 1986; 
Bennetzen et al. 1987; Bennetzen et al. 1988), and are unusual in their 
ability to generate mutations at virtually any maize locus investigated 
(Bennetzen 1987; Brown et al. 1989). 
Mutator activity is assessed in several ways. New recessive 
mutations seen in the progeny of self-pollinated Mu-outcross lines are 
used as indications of Mu-element transposition to new sites (Robertson 
1978). Mutator activity is also assayed by the appearance of revertant 
wildtype sectors on an otherwise mutant background (Walbot et al. 1986). 
In Mutator lines, such somatic instability is seen in approximately 40% of 
all newly induced mutants (D. Robertson, Department of Genetics, Iowa 
State University, personal communication) and has been shown, 
specifically in the case of bzl -mu2, to be the result of Mu-element 
excision from the locus (Taylor and Walbot 1987). Active Mutator lines 
are also characterized by the complete digestion of the HinB. restriction 
sites within the inverted terminal repeats of Mu elements. These sites 
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have been shown to be modified in lines which have lost somatic 
Instability (Chandler and Walbot 1986), indicating that modified Mu 
elements are incapable of excising from their positions in the genome. 
The relationship between Mu-element transposition and excision Is 
not yet understood. The timing of these processes indicates that they are 
not necessarily coupled, and may respond to different tissue-specific or 
developmental controls. Transposition, which seems to occur via a 
replicative mechanism (Alleman and Freeling 1986) has been shown to 
take place either late in plant development, around the time of meiosis 
(Robertson 1980, 1981, 1984), or early in the development of the 
embryo (Robertson 1985, 1986, 1988). Hence, this activity has been 
termed "germinal activity". Because only a few germinal revertants have 
been seen in Mutator lines (Brown et al. 1989), excision is thought to be 
a process which is generally specific to the soma. Somatic activity is 
characterized by uniformly small sectors of revertant tissue, indicating 
that excision occurs late in tissue development. It is not known whether 
extrachromosomal circular forms of Mu elements which have been 
associated with Mutator activity serve as transposition intermediates or 
excision products or both (Sundaresan and Freeling 1987). Because it 
has been observed that a loss of somatic activity generally correlates with 
a loss of forward mutation, it has been suggested that somatic instability 
in the endosperm is a reasonably accurate indicator of an active state of 
Mutator activity in the embiyo (Bennetzen 1985; Walbot et al. 1986). 
However, recent evidence suggests that germinal and somatic Mutator 
activities are not necessarily concomitant (Robertson 1987). 
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This study investigated whether evidence for Mu-element excision 
could be detected in cultured endosperm and embryos of active Mutator 
lines. The techniques of tissue culture offer the potential for the 
accumulation of large amounts of tissues that contain both mutant and 
revertant wlldtype alleles. Because somatic reversion is most often and 
most readily seen in endosperm and aleurone mutants, waxy and bronzel 
Mutator-induced mutants were chosen for this study. Phenotypic 
evidence for reversion could not be obtained in the embryogenic calli 
because of the lack of adult differentiation in these tissues, so these lines 
were examined molecularly. Southern analysis of wx-Muml and bz-
Mum8 embryogenic tissues showed Mu-element stability at these mutant 
loci over time in culture, indicating that observable Mu-element excision 
and/or transposition did not occur. However, revertant wlldtype sectors 
were seen in both wx-Muml and bz-Mum.8 cultured endosperm tissues, 
indicating Mu-element excision from these loci had occurred during 
culture. 
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MATERIALS AND METHODS 
Stocks 
All Mutator stocks were generously supplied by D. S. Robertson, 
Iowa State University. Homozygous wx-Muml and bz-Mum8 seeds which 
showed evidence of somatic mutability were planted and the resulting 
plants self-pollinated. Homozygous u;x-Deletion 34 stock, received from 
the Maize Coop and inbred A188, a gift from R. L, Phillips, University of 
Minnesota, were also planted and self-pollinated to serve as controls for 
phenotypic excision assays. 
Establishment of Embryogénie Cultures 
Embryos approximately 1-2 mm in length were excised from 
kernels at 9 - 11 days post-pollination and placed on N6 basal medium 
(Chu et al. 1975) supplemented with 2% (w/v) sucrose, 0.74 mg/1 2,4-
dichlorophenoxyacetic acid {2,4-D), 6 mM L-asparagine, 5.5 mM myo­
inositol, 12 mM L-proline, and 0.3% Gelrite (Kelco). Four weeks after 
culture initiation (T2), the proline concentration in the medium was 
reduced to 6 mM. Cultures were maintained as previously described 
(James and Stadler 1989). 
Establishment of Endosperm Cultures 
Endosperm from wx-Muml and bz-Mum8 kernels were harvested 
9-11 days post-pollination and placed on N6 basal medium (Chu et al. 
1975) supplemented with 1 mg/1 myo-inositol, 900 mg/1 L-asparagine, 
12 mM L-proline, 2% (w/v) sucrose, and 0.3% Gelrlte (Kelco), and 2 
mg/1 2,4-D, since auxin supplementation has previously been used with 
success in the initiation of maize endosperm cultures (Reddy and 
Peterson 1977). Two months after culture initiation, the 2,4-D in the 
medium was reduced to 0.74 mg/1 and the proline concentration to 6 
mM. Seven months after culture initiation, the 2,4-D supplement was 
eliminated. Endosperm callus was maintained at 28^0 in the dark and 
transferred to fresh medium every three weeks. 
Assays for Mu-element Excision in Endosperm Callus Tissue 
Phenotypic evidence for wlldtype sectoring on a bronze mutant 
background was readily apparent by microscopic examination of bz-Mum8 
endosperm calli. Sectors were observed as purple-plgmented spots on 
bronze-colored cedlus tissue. Phenotypic evidence for starchy (amylose-
contalnlng) sectors on a waxy mutant background was achieved by 
staining squashed callus tissues with I2-KI and examining them under 
polarized light. I2-KI was prepared by dissolving crystalline iodine to 
saturation in a saturated solution of potassium iodide. This solution was 
undiluted or diluted 1:10 with N6 medium. Starchy amyloplasts absorbed 
the dye, stained blue to purple, and rapidly lost their birefringence. Waxy 
amyloplasts retained their birefringence and stained orange. 
DNA Isolation, Restriction Digestion, 
and Southern Hybridization 
DNA was Isolated from stored frozen embiyogenlc callus by the 
method of Rlvln et al. (1982) or by the rainlprep method of Dellaporta et 
al. (1983). Restriction enzymes were obtained from Bethesda Research 
Laboratories and were used according to the supplier's instructions. 
Approximately 5 - 8 ug of DNA was digested with 4-5 Units restriction 
enzyme/ug DNA. Restricted DNA was separated by electrophoresis 
through 0.8% agarose gels, transferred to Genatran (Fiasco) by the 
procedure of Southern (1975), and fixed to the membrane by baking for 
two hours at 80^0 under vacuum. Hybridizations were carried out as 
previously described (James and Stadler 1989). 
Probes 
The Mul probe used was an Mliû fragment of approximately 960 
base pairs Isolated from plasmid pMJ9, which contains a clone of the 
entire Mul element (Barker et al. 1984). This plasmid was generously 
supplied by J. Bennetzen, Purdue University. The Mlul fragment consists 
of 944 base pairs of the internal portion of Mul and a small fragment 
from one of the inverted terminal repeats. The wx probe was a 4.4 kb 
BamHI fragment isolated from a pUC 19-derivatlve containing this BamHI 
fragment of the waxy gene which was isolated by Shure et al. (1983). 
The plasmid was kindly supplied by Stephen Dellaporta, Yale University. 
The bzl probe was a 2.1 kb Psfl fragment from plasmid pMBZPlZ, a 
subclone of a. bzl genomic clone isolated by Federoff et al. (1984) and 
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kindly supplied by D. Furtek and O. E. Nelson, Jr., University of 
Wisconsin. Probes were radloactively labeled with 32p by a random 
hexamer primed kit (Boehrlnger Mannheim) (Feinberg and Vogelsteln 
1983). 
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RESULTS 
Experimental Plan 
Immature endosperm and Immature embryos from the same 
genotypic backgrounds iwx-Muml or bz-MumS) were harvested and 
initiated into culture simultaneously. When possible, endosperm and 
embryo expiants were Isolated from the same kernel or sibling kernels 
from one ear. The culturing of these tissues offers the potential for the 
accumulation of large amounts of immature tissue for analysis, and the 
ability to study each tissue over an extended period. In the absence of 
selective forces, it should also allow for the expansion of both mutant and 
revertant wildtype sectors. Endosperm and embryogenic callus tissues 
were examined for evidence of Mu-element excision in an attempt to 
establish a correspondence or a discrepancy between callus types. Such 
information could provide clues concerning tissue- or development-
specific influences on excision or the relationship between Mu-element 
excision and transposition. 
The endosperm (and its accompanying aleurone) is a tissue in 
which Mu-element excision from the waxy and bronze 1 loci is known to 
occur. Although Mu-element excision has not previously been reported 
in endosperm cultures, these tissues have been used to study excision in 
other transposable element systems (Gorman and Peterson 1978; Culley 
1986). It is not known whether Mu-element excision occurs from either 
of these loci in the embryo. However, Mu transposition has been shown 
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to take place early in the development of the embryo (Robertson 1985, 
1986, 1988) and in embryogénie callus tissues (James and Stadler 1989). 
Immature endosperm harvested from self-pollinated bz-MumS 
plants were placed in culture. Firom 738 initial expiants, seven successful 
hz-MumS endosperm lines were selected and maintained. Approximately 
1000 immature embryos from bz-Mum8 plants were also established in 
culture, with three callus lines derived from sibling embiyos selected for 
propagation (Table 1). One of the endosperm callus lines was derived 
from the same kernel as one of the embryogenlc callus lines (638-2A) 
(Table 1). The other six endosperm cultures, while genotypically similar 
to the bz-Mum8 embiyogenic cultures, were derived from different ears. 
Immature endosperm from self-poUinated wx-Muml plants and 
from crosses between wx-Muml and wx-Del34 plants were also initiated 
into culture, as well as endosperm from u;x-Del34 self-pollinations and 
MU^2 self-pollinations to serve as negative controls and from A188 to 
serve as positive controls. Approximately seven months after culture 
initiation (T15), 15 successful hetero^gous wx-Muml/wx -Del34 
endosperm lines had been established, but no homozygous wx-Muml 
endosperm lines. These endosperm lines were genotypically related to 
three wx-Muml embiyogenic callus lines which had also been 
established, but none were derived from the same ear. 





# lines carried 
endosperm^ immature embryos^ 
wx-Muml wx-Muml/wx-Uel bz-Mum8 wx-Muml bz-Mum8 





^ Many endosperm and embryos from same ear and often same kernel, 
b Correspondence between endosperm and embryo lines 86-638-2A. 
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Phenotypic Evidence for Mu-element Excision 
in Cultured Endosperm Tissues 
Wildtype revertant sectors were readily seen as small purple spots 
on a bronze-colored background in microscopic examinations of bz-
Mum8 endosperm callus tissue (Figure lA). One callus line (86-673-3) 
consistently generated new growth with many revertant sectors and 
another callus line (86-638-2) generated occasional sectors. Callus line 
86-638-2 was the endosperm line which was derived from the same 
kernel as embryogénie callus line 86-638-2A. Because pigmentation is 
not seen until the terminal differentiation of endosperm into aleurone 
cells, purple sectors did not appear until the surface layer of callus took 
on a bronze coloration. Thus, the revertant sectors of callus remained 
small and unexpandable, as in planta. 
Revertant starchy sectors in wx-Muml endosperm calli were 
observable only after staining squashed live tissues with I2-KI and 
examining them under polarized light. Staining of intact endosperm 
callus with I2-KI alone produced dark staining areas on a cream-colored 
background in all lines examined ("false sectoring"), even in lux-Del 
negative controls. For this reason, stained tissues were also examined 
under polarized light. It is known that unstained amyloplasts (both 
starchy and waxy) are birefrlngent and hence, indistinguishable. When 
amyloplasts are stained with Ig-KI, however, differences in birefringence 
can be observed (Yeh et al. 1981; Shannon and Garwood 1984). Starchy 
amyloplasts absorb dye rapidly, stain blue to purple, and lose their 
8  1  
Figure 1. Phenotypes of endosperm callus lines. A. bz-Mum8 calH 
showing purple revertant sectors on a bronze mutant 
background. B. wx-Muml calli, squashed and stained with 
12-KI and photographed under polarized light (lOX 
magnification). 
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birefringence, whereas waxy amyloplasts absorb dye more slowly, stain 
orange, and retain their birefringence even with stain saturation. 
Hetero^gous wx-Muml/wx- Del34 endosperm callus tissues were 
examined for revertant sectors. Frequent reversions were observed as 
small sectors of purple-staining amyloplasts which were nonbirefrlngent 
adjacent to groups of orange-staining birefrlngent amyloplasts (Figure 
IB). Revertant sectors consisted only of one, two, or three cells. 
Mu-element Stability In wx-Muml Embryogénie 
Lines over Time in Culture 
The Mu elements in three ivx-Muml embryogenic callus lines (86-
668-5A, D, and F) were unmodified at the Hinîl sites, indicating at least 
the potential for Mutator activity (Figure 3). However, restriction analysis 
of DNA from these lines with four enzymes which cut outside of Mul 
(BamHI, SstI, Pvul, and EcoRI) showed the Mu elements were stable with 
respect to genomic position for over one year in culture (data not shown). 
Hybridization of these blots with the wx probe (Figure 2) showed Mu-
element stability at the wx-Muml locus specifically, with no evidence of 
Mu element excision over time in culture (example, BamHI digests. 
Figure 4). 
Mu-element Stability in bz-Mum8 Embryogenic 
Lines over Time in Culture 
Analysis of Mu-element modification in three hz-MumS 










Figure 2. Restriction maps of bz-Mum8 (A) and wx-Muml (B) alleles with MitJ insertions. 
Abbreviations are: B. BamHI; Bg, BgQI; E, EcoRI; H. Hindlll; Hf. Hinfl; S, Sail; St, Ssfl. 
Figure 3. Hinfl-restriction digests of sequential samples of DNA from 
wx-Muml embiyogenic callus lines 86-668-5A Cr5-12. 
T20-28. T34-38 in lanes 1-3, respectively) and 86-668-5D 
(T6-12. and T20-28 in lanes 4 and 5), and hybridization 
with a Mul probe. 
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longer capable of excision and that the Mutator systems were inactive. 
DNA Isolated from tissue harvested from consecutive transfers of bz-
Mum8 callus lines 86-638-2A, B, and C over one year in culture was 
digested with HinSl and hybridized with a Mul probe. This protocol 
results in detection of a discrete 1.3 kb restriction fragment when the 
Hinîl sites of Mul elements in the genome are unmodified; however, if 
DNA is modified at these sites, Hin fl cuts outside Mul and a ladder of 
bands greater than 1.3 kb results. The observed restriction fragment 
patterns indicate that the Mu elements in these three lines were 
modified at the Hinfl sites (examples, embryo lines 638-2A and C, 
Figures 5A and B, respectively). The modification patterns were stable 
and uniform, with the exception of embryo line 638-2A. DNAs from 
pooled tissue samples through T24 (48 weeks) (Figure 5A, lanes 1-3) in 
this line showed Mu J-hybridization bands at 1.25 kb and 1.35 kb that 
were missing in samples pooled from T25 _ 29 (Figure 5A, lane4). The 
latter time sample, however, showed new Mu2-homologous bands of 
approximately 7.0, 7.4, and 8.4 kb, suggesting that modification of 
previously unmodified elements had taken place in culture. 
Each of the bz-Mum8 embiyogenic lines was shown to contain at 
least 25 Mu elements which were stable over time in culture with 
respect to genomic position. Digestion of DNA with Bglll, EcoBl, and 
Hindlll, enzymes which cut outside of the Mul element, resulted in 
ladders of Mui-homologous bands upon hybridization with a Mul probe 
(example, embryo line 638-2A, Figure 6A). Each of these restriction 
fragments represents one or more individual Mu element within the 
Figure 4. BamHI-restrictlon digests of sequential samples of DNA from 
tissues of wx-Mwnl embryogenic callus lines 86-668-5A 
(T5-IO. TI2. T19-28. and T34-38 in lanes 1 - 4, 
respectively), 86-668-5D (Te-12 and T20-28 in lanes 5 and 
6) and 86-668-5F (T8-16 and T27-28 ^ lanes 7 and 8), and 
hybridization with a wx probe (see Figure 2). 
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Figure 5. Hinfl-restxlction digests of sequential samples of DNA from bz-Miun8 embryogénie 
callus lines, and hybridization with a MuJ probe: A, DNA from callus line 86-638-2A 
(T5-17. T18-22. T24, and T25 29 in lanes 1 - 4. respectively); B. DNA from caUus line 
86-638-2C (T5 - T30. lanes 1 - 13). 
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Figure 6. Restriction digests of sequential samples of DMA (T5-17, Ti8-22. T24, and T25-29) 
from tissues of bz-Mum8 embiyogenic callus line 86-638-2A. A: EcoRI digests in lanes 
1-4, and BgBI digests in lanes 5 - 8, all hybridized with the Mul probe. B: the same 
membranes rehybridized with the bz probe (see Figure 2). 
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genome. The uniformity of the enzyme banding patterns for each 
embryogénie line over time in culture (T4 - T30) indicates Mu-element 
positional stability. Southern blots were stripped of the Mul probe and 
rehybridized with the bzl probe (Figure 2). Again, uniform restriction 
fragment patterns indicate that the bz-MumS locus was stable over time 
in each culture (example, embryo line 638-2A, Figure 6B). Digestion with 
each enzyme yielded restriction fragments of the expected sizes given 
the insertion of a 1.4 kb element, and no bands representing excision 
fragments were seen. 
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DISCUSSION 
This study provides phenolypic evidence for Mu-element excision 
from both wx-Muml and bz-Mum8 cultured endosperm tissues. In wx-
Muml / wx-Del34: endosperm lines, the staining of squashed endosperm 
callus tissue with I2-KI, followed by examination under polarized light, 
provided a suitable distinction between starchy and waxy phenotypes. 
Frequent reversions from waxy to wildtype were observed in wx-Muml 
endosperm callus tissues using this method (Figure IB). Small sectors, 
consisting of one, two, or three cells with purple-staining 
nonbirefringent amyloplasts were seen among many orange-staining 
amyloplasts which retained birefringence. The relatively small size of 
these sectors may reflect a level of developmental control that is 
maintained in the callus tissue. 
The wx-Muml endosperm lines examined were heterozygous [wx-
Muml / wx-Del34 / wx-Del34) and did not have a direct correspondence 
with the homozygous wx-Muml embryogénie cultures. They did, 
however, have the same genotypic background with respect to the Mu-
Induced waxy mutation. Because excision from the wx-Muml locus was 
evident in the endosperm callus tissues, it was believed that the 
likelihood of excision from this locus in embryogenlc cultures was strong. 
Also, the Mu elements in the embryogenlc callus lines exhibited the 
potential for excision because they remained unmodified. However, 
Southern analysis of DNA from three such wx-Muml embryogenlc 
cultures with four different enzymes failed to detect restriction 
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fragments representative of Mu-element excision from the waxy locus. 
This suggests three possibilities. First, the Mu element may have been 
stable at the locus in these particular lines. Second, excisional events 
may be conAned to only a small number of cells within the tissue, so that 
they are undetectable within the limits of resolution of Southern analysis. 
The observation that revertant sectors in endosperm tissue were 
confined to one to three cells per sector lends weight to this possibility. 
Third, the type of tissue expiant cultured may be crucial to the analysis. 
Mu-element insertional stability could indicate that excision from a locus 
is subject to tissue- or developmental stage-specific regulation. Hence, it 
is possible that Mu-element excision is related to the expression of the 
gene in which it resides. Taylor and Walbot (1987) used molecular 
evidence to demonstrate excision of a 1.7 kb Mu element from the bzl 
locus in DNA Isolated from husk tissue which showed wlldtype revertant 
sectors. This report, however, showed no evidence of excision in a 
similar analysis of DNA from pooled Immature cob tissues of these lines 
(V. Walbot, Department of Biological Sciences, Stanford University, 
personal communication). Molecular evidence for Mu-element excision 
from specific loci has been provided by others (Bennetzen et al. 1984; 
O'Reilly et al. 1985; Taylor et al. 1986; McLaughlin and Walbot 1987; 
Brown et al. 1989; Martienssen et al. 1989), but this has been either from 
fully revertant tissues or from the tissue in which the gene was 
expressed. 
This study provided phenotypic evidence for instability at the 
bronze locus in two bz-Mum8 endosperm callus lines. Excision was 
9 6  
noted In the form of wlldtype revertant purple sectors on a bronze-
colored background (Figure lA). These sectors were small and uniform in 
size, and appeared only as the callus assumed a bronze coloration. Size 
and uniformity of the in vitro sectors were similar to those observed in 
planta, indicating that they represented Mu-element excisions in 
response to similar developmental controls. This suggestion of continued 
developmental regulation of excision in endosperm culture was 
consistent similar findings in the wx-Muml endosperm lines. 
Molecular analysis of corresponding embryogenic callus lines, 
however, revealed Mu-element stability at this locus for a period of 
approximately one year in culture. This stability was not unexpected 
because of the observed Mu-element modification in the embiyogenic 
tissues. Given the previously reported correlation between Mu-element 
Hfnfl-site modification and loss of somatic instaoility (Chandler and 
Walbot 1986), it is logical to assume that embiyogenic callus lines in 
which the Mu elements are modified would exhibit Mu-element stability, 
both overall and at a specific locus. However, it cannot be determined 
whether this stability was due to modification alone, or was inherent in 
the specific tissue analyzed. 
Mu-element modification in the bz-Mum8 embryo cultures was 
apparent early in the culturing process (by T4), and probably occurred in 
response to culture initiation (James and Stadler 1989). Further Hinfl-
site modification was shown to occur in the population of Mu elements in 
one callus line (638-2A) after 48 weeks of culture (Figure 2A). Previous 
studies in our laboratory had shown that approximately one fourth of all 
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embryogenic callus lines established from active Mutator plants contained 
modified elements (James and Stadler, Section I, herein). Other studies 
have reported generalized changes in methylation in plants regenerated 
from maize embryogenic cultures and suggested that such culture-
induced changes contribute to somaclonal variation (Brown and Lorz 
1986). However, the possibility also exists that the Mu-element 
modification in the bz-Mum8 embryogenic lines was generated in the 
embryos as a result of the self-pollination of the parent plant. Inbreeding 
has been shown to result in a loss of Mutator activity (Robertson 1983) 
which is accompanied by Mu-element modification at the Hinfl sites 
(Chandler and Walbot 1986)* 
This study provides evidence for Mu-element instability at the 
waxy and bronzel loci in maize endosperm cultures. Furthermore, this 
evidence suggests that Mu-element excision remains under 
developmental control in cultured endosperm tissues. A search for 
molecular evidence of excision in corresponding and related 
embryogenic callus tissues, however, showed only Mu-element stability at 
these loci. Further study of cultured endosperm and embryos derived 
from the same kernel will be required to determine the source of this 
observed stability. However this study hints that Mu-element excision 
may be Influenced by tissue- or development-specific factors, and 
therefore is confined to a particular tissue or stage of development. 
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ABSTRACT 
The prediction that transposable elements may be activated by a 
stress agent such as tissue culture has been given substance by reports 
of the reactivation of cryptic Ac and Spm(En) elements In regenerated 
plants (Peschke et al. 1987; Evola et al. 1984). To investigate the 
effects of tissue culture and regeneration on Mutator activity, this 
study established embryogénie callus cultures derived from Fi's of 
crosses between maize inbred and Mutator stock and assayed Mutator 
activity in plants regenerated from these cultures by genetic and 
molecular means. Régénérants from a culture derived from an active 
Mutator line maintained Mutator activity, as assessed by the 
segregation for new mutant phenotypes in régénérant progeny and the 
appearance of Mul-homologous restriction fragments novel to the 
regenerated plants. New seedling mutations seen in third- and fourth-
generation régénérant progeny of a culture derived from an inactive 
Mutator line imply a possible low-level reactivation of Mu activity in 
the regenerated plants. These findings, coupled with recent 
molecular evidence for Mu-element transposition in embryogénie 
caUus cultures (James and Stadler 1989), support the hypothesis that 
transposable element activity may contribute to somaclonal variation. 
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INTRODUCTION 
Tissue culture In plants is unique in that somatic tissues, grown 
in a controlled environment, can be regenerated to whole plants by 
alteration of the growth conditions. However, it has been observed 
that the plants regenerated from somatic cells of a single plant are not 
genetically identical. Larkin and Scowcroft (1981) termed this 
culture-derived variation "somaclonal variation". Hie genetic changes 
produced by this means are usually found in the primary régénérants 
themselves or among their first or second generation progeny 
(Phillips et al. 1988). These changes include altered chromosome 
number (polyploidy and aneuploidy), single gene changes, changes in 
chloroplast and mitochondrial genes, chromosome rearrangements, 
deletions, mitotic recombination, alteration in gene expression levels, 
copy number changes of repeated sequences, and activation of 
transposable elements (for reviews, see Evans 1989; Lee and Phillips 
1988). 
Burr and Burr (1981) and McCUntock (1978, 1984) described 
the release or activation of transposable elements by "genomic stress" 
and suggested that tissue culture could serve as such a stress agent. 
The predicted transposable element activation might account for at 
least a portion of the somaclonal variation observed. In maize, tissue 
culture-induced activation of both cryptic Ac and SpmlEn) elements 
has been described (Peschke et al. 1987; Evola et al. 1984). Peschke 
et al. (1987) cultured embryos from maize lines in which all Ac 
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elements were known to be in an inactive state. Plants regenerated 
from these cultures were crossed as males to tester plants containing 
receptor Ds elements and appropriate endosperm and aleurone 
markers. The progeny of these crosses, which showed newly induced 
aleurone mutations accompanied by somatic Instability (wildtype 
revertant sectors), could be traced to 3 of 94 independent 
embryogénie callus cultures (3% activation frequency). Similarly, 
Evola et al. (1984) report that Spm(En) Is reactivated in a small 
population of plants regenerated from culture. Further examples of 
unstable variants which occurred after regeneration from tissue 
culture and were conceivably the result of transposable element 
activity have been described in maize as well as in other plants 
(Woodman and Kramer 1986; Groose and Bingham 1984, 1986; 
Bingham and McCoy 1986; Lorz and Scowcroft 1983). 
Recently, we reported molecular evidence for Mu-element 
transposition in embryo cultures derived from Robertson's Mutator 
lines of maize (James and Stadler 1989). Mu elements are the major 
cause of the high forward mutation rate in Mutator stocks and are 
typically present in 10 - 70 copies in Mutator lines (Walbot and 
Warren 1988). Novel Mu J-homologous restriction fragments were 
seen in DNA isolated from subclonal embiyogenic populations derived 
from A188/Mutator and H99/Mutator callus lines in which the Mu 
elements were unmodified. These unique bands served as indicators 
of a transpositionally active Mutator system in culture. 
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In this study, we have used embryogenlc callus cultures derived 
from the Fi's of crosses between maize Inbreds and Mutator stock to 
investigate the effects of tissue culture and regeneration on Mutator 
activity. Mutator activity is typically measured by the frequency of new 
recessive mutations in the progeny of self-pollinated Mutator 
outcrossed lines (Robertson 1978). These new mutants are thought to 
result from Mu-element transpositions to new sites. Activity is also 
assayed by the appearance of wildtype revertant sectors of Mutator-
induced mutant alleles (Walbot et al. 1986), representing Mu-element 
excision from the locus fTaylor and Walbot 1987). We report that 
plants regenerated from a culture derived from an active Mutator line 
maintained Mutator activity over two generations of outcrosses. New 
seedling mutations whose origins could be traced to the culture phase 
were observed in regenerated plants, and some of these mutants were 
unstable. Furthermore, we provide molecular evidence for Mu-
elernent transposition in these regenerated plants, in the form of 
unique Mu-homologous restriction fragments. We also report that new 
seedling mutations arose in plants regenerated from a culture derived 
from a plant that had lost Mutator activity (Mu-loss plant). Although 
these new mutants were not somatically unstable, the frequency and 
variety of mutants generated, as well as the fact that new mutants 
continued to arise in fourth generation régénérants, suggest a low-
level reactivation of Mutator activity. This activity may have been 
triggered by passage through tissue culture, but the new mutations 
probably originated in the régénérants themselves. 
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MATERIALS AND METHODS 
Stocks and Crosses 
First-generation Mutator stock is designated Mu^, the progeny 
of a cross between two standard Mu lines (Robertson 1983). Mutator 
plants were outcrossed to standards Q60 (a hybrid between inbreds 
Q66 and Q67) or B70 (a hybrid between inbreds B77 and B79). A188 
seed was a gift from R. L. Phillips, University of Minnesota, and H99 
seed was a gift from W. A. Russell, Iowa State University. Primary 
regenerated plants were designated Rq according to the nomenclature 
suggested by Chaleff (1981) and Edallo et al. (1981). The self-progeny 
of Ro plants were designated Ri-s and the outcross progeny were 
designated Ri-oc to distinguish between these two progeny types. 
These designations were used for subsequent generations of 
regenerate progeny, as well. 
Culture Establishment and Regeneration of Plants 
Cultures were initiated and maintained as previously described 
(James and Stadler 1989). For regeneration, call! were transferred to 
medium without auxin and grown for two weeks at 280C in the dark, 
then transferred to fresh medium and grown with constant 
illumination. Regenerated plantlets were removed from medium, 
rinsed in tap water, and transplanted to soil. They were maintained at 
280C under cycled light (16 h) in a growth chamber, where they were 
either self-pollinated at maturity (H99/Mutator plants) or transplanted 
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to the field (A188/Mutator plants) to be outcrossed to standards (B70 
or Q60). 
DNA Isolation, Restriction Digestion, 
and Southern Hybridization 
DNA was isolated by the miniprep method of Dellaporta et al. 
(1983) from stored frozen callus tissues and from leaf or immature cob 
tissue of regenerated plants. Restriction enzymes were obtained from 
Bethesda Research Laboratories and were used according to the 
supplier's instructions. Approximately 5 - 8 ug of DNA was digested 
with 4-5 Units restriction enzyme/ug DNA. Restricted DNA was 
separated by electrophoresis through 0.8% agarose gels, transferred to 
Genatran (Fiasco) by the procedure of Southern (1975), and fixed to 
the membrane by baking for two hours at 80^0 under vacuum. 
Hybridizations were carried out as previously described (James and 
Stadler 1989). 
Probes 
The Mul probe was a 960 base pair (bp) Mlid fragment 
islolated from plasmid pMJ9, which contains a clone of the entire 
Mul element (Barker et al. 1984). This plasmid was generously 
supplied by J. Bennetzen, Purdue University. Probes were 
radioactively labeled as previously described (James and Stadler 
1989). 
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RESULTS 
Generation and Analysis of A188/Mutator Callus Line 
Figure 1 shows a schematic diagram of the cross Involved in the 
generation of A188/Mutator callus line 646-8C, the regeneration of 
plants from that line, and the subsequent crosses involving the 
régénérants and their progeny. The Mu^ parent (86-207-8) from 
which callus line 646-8C was derived was also outcrossed to a 
standard line in a test for Mutator activity (Robertson 1978). This test 
showed a new mutant frequency of 12% In seedlings, indicating 
Mutator activity in that parent plant. 
The Mu elements in the Mutator parent were unmodified at the 
Hinfl sites, a further indication of an active state (Chandler and Walbot 
1986) (Figure 2, lane 1). Hinfl is a methylation-sensitive enzyme that 
cleaves just inside Mu-element inverted terminal repeats. Similar 
molecular analysis of A188/Mutator callus line 646-8C DNA revealed 
that Mu-element Hinfl sites were both modified and unmodified 
within the callus genome early In culture (Tg - T12) (Figure 2, lane 
2). The callus line probably contained mixed populations of cells with 
respect to Mu-element modification, such that in approximately one 
third of the cells, the Mu elements were modified, and in the 
remainder they were not. This can be inferred from comparisons with 
Hinfl digests of DNA from eight R2 (second generation) regenerate 
progeny. The ladder of bands greater than 1.3 kb in the Hinfl 
digestion profile of callus DNA was nearly identical to those ladders 
Figure 1. Scheme for the establishment of AlSS/Mu^ embryogénie 
culture 646-8C, the regeneration of plants from that callus 
line, and the crosses involving the regenerated plants for 
four generations. 
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* molecular evidence for transpcsitlon 
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Figure 2. Hybridization of a Mul probe to Hinfl-restriction digestion of DNA from leaf tissue of 
Mutator parent plant 86-207-8 (lane 1), callus tissue from AISB/Mu^ embryogénie line 
646-8C Oane 2), and leaf and immature cob tissues, respectively, from each of eight 
R2-outcross regenerated plants (lanes 3 and 4, plant 88-138-4; lanes 5 and 6, plant 88-
138-5; lanes 7 and 8. plant 88-138-8; lanes 9 and 10, plant 88-139-1; lanes 11 and 12. 
plant 88-139-2; lanes 13 and 14, plant 88-139- 3; lanes 15 and 16, plant 88-139-6; 
lanes 17 and 18, plant 88-139-10). 
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seen in the most extensively modified régénérant DNAs (Figure 2, 
lanes 3 & 4, 7 & 8, 13 & 14, 17 & 18), indicating that Mu-element 
modification was nearly complete in at least some of the callus cells. 
A188/Mutator Régénérant Progeny 
Maintain Mutator Activity 
Nine regenerated plants (Ro) from callus line 646-8C were 
transplanted to the field. All exhibited abnormal phenotypes, 
including dwarfism and tassel-seed ears. Two plants (87-345-4 and 
87-345-6) were pollinated by standard lines and produced seed (Ri) 
which was planted the following growing season. The Ri plants, 
which were phenotypically normal, were again outcrossed to standard 
lines (giving rise to R2-oc progeny). The R2-oc plants (88-138's and 
88-139's) were then either self-pollinated or outcrossed to standard 
lines, or both (Rs-s or -oc) (see Figure 1). 
Seeds from five Rg-s progeny ears were seedling-tested for the 
segregation of new mutant phenotypes (Table 1). Seeds from two of 
three Rs-s ears which derived from one Rq plant (87-345-4) 
segregated for new seedling mutants. One of the mutant phenotypes, 
a striate pattern in the leaves, was somatically unstable. 
Four R2-0C plants which were crossed reciprocally to standard 
lines were tested for the appearance of new seedling mutants in the 
R3-0C generation to investigate possible differences in male vs. female 
transmission of Mutator activity in régénérants (see Figure 1). New 
seedling mutants were observed in the selfed progeny (R4) of 
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Table 1. New mutants in A188/Mutator régénérants 
Segregation for Mutability Mutant Mutant 
new mutants phenotype frequency 
I. Selfed progeny 
of R2 
88-138-4 + _ W 
88-138-5 + + sr 
88-138-8 - - -
88-139-1 - - -
88-139-6 - - -
II. Selfed progeny 
of R2 outcross 
88-89-3603^ + + sr e, yg-pg 10% 
88-89-3604^ + + sr yg-pg. 
pg 10% 
88-89-3605b - -
88-89-3606b - - -
88-89-3607C + + sr, yg-pg. 
leaf striping 12% 
88-89-3608C + + sr, yg-pg. 
yg 19% 
88-89-3609^ + leaf striping. 
pg 4% 
88-89-3610d + + pg 4% 
® Progeny of reciprocal outcrosses of 88-138-5. 
b Progeny of reciprocal outcrosses of 88-138-8. 
c Progeny of reciprocal outcrosses of 88-139-2. 
^ Progeny of reciprocal outcrosses of 88-139-3. 
® Mutant carried through Ri. 
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reciprocal crosses of two of the four R2-0C plants tested (Table 1, II). 
The frequencies of mutants generated were approximately the same 
whether the Mutator régénérant was crossed as a male or a female. 
New seedling mutants, some of which showed evidence of somatic 
Instability, were observed in both cases. 
The timing of the origin of the mutations seen in the 
régénérants from this Mu-active callus line can be estimated. The 
striate seedling mutant was first observed to segregate in one family of 
R3-8 seedlings, indicating it may have originated in the R2-0C parent 
plant. R3-0C data, however, suggest that the mutation was carried in 
régénérant progeny derived from both Rq plants (Table 1). For both 
primary régénérants to carry the mutation, it must have been present 
in or must have originated in the callus culture. In the four R4 
families which segregated for striate (sr) seedUng mutants, the mutant 
was present at a frequency of approximately 6 to 10%. This is roughly 
the frequency that would be expected after three generations of 
outcrosses if each Rq parent had been heterozygous for the mutation. 
Similarly, unstable yellow-green/pale-green [yg-pg] mutants that were 
observed In progeny derived from both primary régénérants, 
indicating that the yg-pg mutation must have originated or been 
present in the cells of the callus culture. The four R4 families which 
segregated for yg-pg also showed a mutant frequency of 4 - 10%. 
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Unique Mu-homologous Restriction Fragments in 
Al88/Mutator Régénérants 
Tissues from eight R2-0C plants were examined by Southern 
analysis. DNA Isolated from leaf samples of regenerate plants was 
digested with the restriction enzyme Hfndlll, which cleaves outside of 
Mul, and hybridized with a Mul probe (Figure 3). The resulting 
hybridization profiles were compared with that of DNA from pooled 
samples of callus line 646-8C taken four to six months after culture 
initiation (Figure 3, lane 1). Unique restriction fragments were seen 
in the DNA of six of the eight régénérants, relative to callus DNA. 
Fragments of approximately 2.6 and 7.2 kb were unique to régénérant 
88-139-1 (Figure 3, lane 8), as were fragments of 1.9 and 5.0 kb to 
régénérant 88-139-3 (Figure 3, lanes 12 and 13). These novel 
fragments probably represent Mu element transpositions to new sites 
in these R2 plants as they were not seen in the hybridization profiles 
of the other régénérants or the callus. A Hfndlll restriction fragment 
of approximately 3.2 kb was seen in DNA of régénérants 88-138-4, -
138-5, -139-6, and -139-10 which was not present in the parental 
callus DNA. This common fragment could represent coincident Mu-
element transpositions to a preferred site in these particular 
regenerate plants, transpositions to different sites which are present 
in similar-sized Hindlll restriction fragments, or transpositions which 
occurred within a few cells of the callus tissue, but which were below 
the resolution of Southern analysis. 
Figure 3. Hybridization of a Mul probe to Hindlll-restriction digests of DNA from A188/Mu^ 
embryogenic callus line 646-8C (lane 1) and leaf and immature cob tissues, respectively, 
of eight plants regenerated from that line (lanes 2 and 3, plant 88-138-4; lanes 4 and 5, 
plant 88-138-5; lanes 6 and 7, plant 88-138-8; lanes 8 and 9, plant 88-139-1; lanes 10 
and 11, plant 88-139-2; lanes 12 and 13, plant 88-139-3; lanes 14 and 15, plant 88-
139-6; lanes 16 and 17, plant 88-139-10). Restriction fragments seen in DNA from 
régénérants but not the callus line are marked by arrows. 
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Table 2 provides a summaiy of the genetic and molecular 
correspondences In the R2 plants tested. Molecular examination of 
the progeny of one primary régénérant (87-345-4) revealed novel 
restriction fragments in two plants wliich showed Mutator activity by 
genetic tests (88-138-4 and 88-138-5), but not in the one plant which 
showed no Mutator activity (88-138-8). Examination of the progeny of 
the other primary régénérant (87-345-6) showed a less perfect 
correspondence. Only plants 88-139-1 and 88-139-6 were self-
pollinated. Although no new seedling mutants were generated in 
these self-progeny, unique restriction fragments in the DNA of both 
plants indicate that Mu-element transpositions were indeed taking 
place. These transpositions may have induced mutations other than 
visible seedling mutations, or they may not have induced mutations at 
all. Plants 88-139-2 and 88-139-3 were outcross-tested for Mutator 
activity. Both tested positive by this genetic means, although novel 
restriction fragments were only seen in the DNA from plant 88-139-3. 
New mutants in Régénérant Progeny 
from a Mu-loss H99/Mutator Line 
Figure 4 shows a schematic diagram of the cross involved in the 
generation of H99/Mutator callus line 657-2B, the regeneration of 
plants from this line, and the subsequent crosses involving the 
régénérants and their progeny. The Mu^ parent (86-657-2) from 
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Table 2. Mutator activity in AlSS/Mix^ Rg regenerate plants and their 
progeny 
R2 plant Self-progeny Outcross-progeny Molecular 
test& testb teste 
88-138-4 yes _ d yes 
88-138-5 yes yes yes 
88-138-8 no no no 
88-139-1 no yes 
88-139-2 - yes no 
88-139-3 - yes yes 
88-139-6 no - yes 
88-139-10 - - yes 
^ New seedling mutant segregation in R2 self-progeny. 
b New seedling mutant segregation in self-progeny of R2 outcross. 
c Appearance of unique Mul -homologous restriction fragment 
relative to callus DNA. 
d No data. 
Figure 4. Scheme for the establishment of H99/Mu^ embryogenic 
culture 657-2B, the regeneration of plants from tiiat callus 
line, and the crosses involving the regenerated plants for 
five generations. 
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which callus line 657-2B was derived was also outcrossed to a 
standard line in the standard test for Mutator activity (Robertson 
1978). This test showed the generation of no new seedling mutants in 
sandbench tests of approximately 50 seeds from each of 50 self-
pollinations (see Figure 4), nor any defective kernel mutants in the 
scoring of the ears. Therefore, this Mutator parent was considered a 
Mu-loss plant. Tissue from the Mutator-parent for restriction analysis 
was not available, but restriction of DNA from callus line 657-2B with 
the enzyme Hinfl showed that approximately half of the Mu elements 
in this line were modified at the Hinfl sites, while the other half were 
unmodified (Figure 5, lane 1). 
Four plants were regenerated (Rq) from callus line 657-2B in 
the growth chamber. Two of these primary régénérants (Ro-#l and 
H0-#2) formed normal tassels and ears and were self-pollinated 
(producing Ri seed). The other two RQ plants (Ro-#3 and Ro-#4) had 
abnormal phenotypes, but tissues were preserved for molecular 
analysis. Hinfl-restrlction digestion of DNA from tissues of these 
plants revealed modified Mu elements in leaf and tassel tissue from 
R0-#3 and husk tissue from Ro-#4. while some elements remained 
u n m o d i f i e d  i n  i m m a t u r e  c o b  t i s s u e  f r o m  Ro - # 3  ( F i g u r e  5 ,  l a n e s  2 - 5 ) .  
Examples of Hfnfl-restriction analysis of Ri and R3 plants, showing 
complete Mu-element modification in these plants, are shown in 
Figure 5 (lanes 6-9 and 10 - 17, respectively). 
Eighty Ri plants (40 from each self-pollinated RQ) were found to 
be phenotypically normal with the exception of the appearance of five 
Figure 5. Hybridization of a Mul probe to Hinfl-restriction digests of DNA from callus tissue of 
H99/Mu2 embryogénie line 657-2B (lane 1), leaf and tassel tissues, respectively, of a 
primary régénérant (Ro-#3, lanes 2 and 3), inmiature cob and husk tissues, 
respectively, of another primary régénérant (Ro-#4, lanes 4 and 5), inmiature cob tissue 
from four Ri plants (lanes 6-9) and seedling-leaf tissue from four self-progeny of Rg 
plant #87-88-2716 (plants from 88-sb-342, lanes 10 and 11; plants from 88-sb-350, 
lanes 12 and 13; plants from 88-sb-353, lanes 14 and 15; plants from 88-sb-385, lanes 
16 and 17). 
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plants derived from Ro-#2 for a knotted leaf (kn) phenotype with 
incomplete penetrance. This mutant, which also exhibited narrow 
leaves and male-steriliiy, probably originated In culture. It continued 
to appear in seedling tests of subsequent generations of this branch of 
régénérants (Table 3). Woodman and Kramer (1986) reported the 
appearance of a similar mutant in régénérants from a maize 
embiyogenic culture. It Is unknown whether kn is a Mu-Induced 
mutation. 
Rl plants were self-pollinated (producing R2-s) and/or 
outcrossed to standard lines (producing R2-oc) (see Figure 4). Seeds 
from R2-S ears were planted and screened for new mutants In the 
sandbench. Interestingly, the knotted feqf mutant also segregated in 
an R2-s family which was derived from the other primary régénérant 
(RO-#l). No other seedling mutants were seen in the selfed progeny 
of 22 Rl plants derived from this primary régénérant Ro-#l. That the 
knotted teaf phenotype was not seen until the R2 generation in this 
branch of régénérants suggests there was a lack of concordance 
between pollen and egg cells in Ro-#l. A genetic nonconcordance 
may also have been present in Ro-#2' Second generation progeny (R2-
s) derived from this branch were observed to segregate for a white 
seedling mutant In 2/16 families (Table 3). Allelism tests were not 
performed, but it Is likely that these white mutants were derived from 
the same mutational event. 
A lack of genetic concordance could be explained if each 
primary régénérant had had a multicellular origin. If this were true, it 
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Table 3. New mutants in 1199/Mutator (Afu-loss) régénérants 
Mutant 
phenotypes New 
Segregation for in outcross Mutant mutant 
new mutants populations instability frequency 



























































® Eight Ri plants were outcrossed to standard lines, five in 



























































^ Eight Ri plants were outcrossed to standard lines, five in 
reciprocal crosses indicated by brackets. SeedUng mutants were scored 
in the selfed progeny of these crosses. 
^Knotted leaf phenolype was carried in the Ri, so was not used in 
the determination of new mutant frequency. 
c Ten Ri plants were outcrossed to standard lines, one in a 
reciprocal cross indicated by brackets. Seedling mutants were scored in 
the selfed progeny of these crosses. 
1 3 0  
would mean the mutations arose in cells of the callus tissue. The cells 
giving rise to each inflorescence in the primary régénérant may then 
have differed in genetic composition. A second possibility is that the 
mutation could have occurred during the development of the Ro plant, 
in a portion of cells giving rise to one class of gametes (either pollen 
or egg). Support for both of these alternatives is found in the R2-0C 
data. Thirty percent of the self-pollinated progeny of R2-0C plants 
derived from the Ro-#2 branch also segregated for a white seedling 
mutant, indicating that the mutant was carried in 60% of the Ri 
plants (Table 3). This would have been the case if the primary 
régénérant (Ro-#2) had been of multicellular origin, with one out of 
three of the initial cells hetero^gous for the mutant. The data could 
also be explained if the mutation had occurred in one class of gametes 
of the primary régénérant, such that a subpopulation of that gamete 
class was hetero^gous for the mutant. 
In addition to the white seedling mutant, the self-pollinated 
progeny of some of the R2-0C plants derived from Ro-#2 segregated 
for other new seedling mutants (Table 3, II). Yellow-green and luteus 
mutants which appeared in three families presumably originated in 
the outcross of the Ri. None of these mutants showed somatic 
instability. The self-pollinated progeny of R2-0C plants which were 
derived from the other primary régénérant (Ro-#l) also segregated for 
new seedling mutants in three families (Table 3, I). Interestingly, in 
two of the three families showing new mutant segregation, the 
mutations arose in only one of the paired reciprocal crosses of the Ri, 
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but not the other. In one case (87-88-2716), the mutants were 
generated when the Ri plant was outcrossed as a female, and in the 
other case (88-89-3572), when the Ri w^ outcrossed as a male. 
These data could indicate that the mutants had originated in one class 
of gametes in an Ri plant, but not the other. 
Progeny from one R2-oc family that segregated for new seedling 
mutant phenotypes (87-88-2716, Table 2, I) were self-pollinated 
and/or outcrossed to standard lines to test the heritability of the 
mutants (Table 4). Segregation for yg mutants was again observed in 
two families that had originally segregated for yg, demonstrating that 
the mutation was stable and heritable. As in the previous generations, 
no somatic instability in these yg mutants was observed. Seedling 
progeny of the self-pollinations of family 88(sb)-353 which had 
previously segregated for white seedling and orobanche mutants 
(Table 4) did not segregate for either. Instead, 2/15 of these families 
segregated for yg seedlings. The outcross tests of this family showed 
segregation for both pg and yg seedlings, giving a 4% new mutant 
frequency. Again, however, no mutability was observed. Outcross tests 
of the family which had originally shown segregation for a zebra 
striped seedling mutant (Table 4 - 88(sb)-385) also resulted in a 4% 
new mutant frequency, although the zebra stripir^ did not appear to 
be heritable. New mutants in this family included a yg seedling mutant 
which was somatically unstable, and a short-plant mutant which had a 
small 2nd leaf and was developmentally retarded. Thus, a variety of 
new mutants continued to appear in the fourth generation (Rg) of 
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plants regenerated from the original Mu-loss line and somatic 
instability, indicative of Mu-element excision, was detected in 
instance. 
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Table 4. Seedling mutant heritabillty and new seedling mutant 





Selfed progeny Selfed progeny 
(R4-S) (R4 outcross) 
mutant seg./total 
88(sb)-342 yfli (5/10) none (0/1) 
88(sb)-350 yg (3/7) yg (3/3) 
88(sb)-353 yg (2/15) pg. yg ( i / 4 )  
88(sb)-385 none (0/6) yg (1/4), d (1/4) 
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DISCUSSION 
In this study, we present evidence that Mutator activity can be 
maintained in regenerated plants after passing the progeny of an 
active Mutator plant through a tissue culture phase. Régénérants from 
a callus line derived from the immature embryo of an Al88/Mu^ cross 
continued to generate new seedling mutations after two generations of 
outcrosses, presumably due to Mu-element transpositions. 
Furthermore, some of the new seedling mutations showed evidence of 
somatic instability, indicating that Mu-element excisions from mutant 
loci had occurred. Molecular evidence for Mu-element transposition 
in regenerated A188/Mu plants corroborates these genetic data (Table 
2). 
The timing of the appearance and the frequency of the striate 
and yg-pg mutants in the A188/Mutator regenerated plants showed 
that these mutations were present in the callus line. It is not known, 
however, whether they originated prior to the culturing of the embryo, 
or in culture per se. Since it has been shown that Mu-element 
transposition can occur around the time of meiosis (Robertson 1980, 
1981, 1984), it is possible that the mutations originated during 
gamete formation in the Mutator parent. In this case, they would have 
been transmitted through the pollen in the Initial cross (Figure 1). 
Robertson (1985, 1986, 1988) has also shown that transposition can 
occur early in the development of the embryo. Thus, the mutation-
inducing events may have originated in the immature embryo before 
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its establishment in culture. A third possibility would place the origin 
of the mutations in the embryogenic callus tissue itself. Previous 
molecular studies in our laboratory have indicated that Mu-element 
transposition can take place during culture (James and Stadler 1989). 
The observation from molecular analysis that unique Mu-
homologous restriction fragments were generated in A188/Mutator 
régénérant progeny is the first molecular evidence that Mu-element 
transposition occurs in regenerated plants, and lends considerable 
weight to the genetic findings. Furthermore, the molecular data can 
be interpreted as suggesting that Mu-element transpositional activity 
took place in cells of the callus tissue. Mndlll digestion of 646-8C 
callus DNA followed by hybridization with a Mul probe revealed 
approximately 20 restriction fragments of varying intensities (Figure 
3). The bands of weaker intensity may represent fragments which 
contain newly-transposed elements. These new transpositions would 
probably be present in only a fraction of cells in the sample, and thus, 
hybridization intensity would be lowered. Unique restriction 
fragments observed in DNA from regenerated plants were also of weak 
intensity relative to non-unique fragments. 
Hinfl restriction analysis of Al88/Mutator callus DNA showed a 
mixed state of Mu-element modification. This may represent a 
mixture of modified and unmodified elements within each cell or may 
represent two populations of cells within the callus tissue, those 
containing modified Mu elements and many more containing 
unmodified elements. In either case, it is apparent that most Mul-
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homologous elements In the callus remained unmodified, with at least 
a potential for activity. Although it is not known whether unmodified 
Mu elements are required for Mutator transpositional activity, lack of 
modification has been shown to correlate with excisional activity 
(Chandler and Walbot 1986). 
The maintenance of Mutator activity through a tissue culture 
phase may have exciting applications for the generation of even more 
somaclonal variants. Linkage of mutagenesis with somaclonal variation 
has previously been explored with the Incorporation of mutagenic 
agents in the culture medium. Maliga et al. (1981) reported a four­
fold increase in somaclonal variation using such a system. The high 
mutation rate seen in the Mutator system (30 - 50X the spontaneous 
level) and the ability of Mutator to generate mutants by insertion at 
virtually any locus (Bennetzen et al. 1987) could make this system a 
desirable tool for increasing culture-induced variation. 
Although this study indicates that maintenance of Mutator 
activity in plants regenerated from tissue culture is possible, previous 
work in our laboratory showed that not all cultured embryos firom 
active Mutator stock retained Mutator activity (James and Stadler 
1989). Loss of activity is presumably due to modification of the Mu 
elements during culture. Modified Mu-element populations were seen 
in approximately one quarter of the embryogénie callus lines 
established in our laboratory from iimnature embryos of active Mutator 
plants (10 of 36 embryogenic lines tested, data not shown). This 
modification, as noted by the failure of Hinfl to cleave the DNA, was 
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conceivably due to the stress of culture initiation, although factors that 
Influence this response are unknown. Previous reports have Indicated 
that generalized changes in methylatlon can occur as a result of plant 
tissue culture (Brown and Lorz 1986). Thus, the passage through 
culture of a Mutator line does not always allow the maintenance of 
activity in régénérant progeny. 
In this study we also present evidence for a low level reactivation 
of a Mu-loss system in plants regenerated from tissue culture. This 
evidence was based on the appearance of a variety of new seedUng 
mutants over four generations of outcrossed and/or self-pollinated 
régénérants from an H99/Mutator, Mu-loss, callus line (657-2B). The 
Mu parent in the original cross was determined to have lost Mutator 
activity by Robertson's standard test (Robertson 1978) because no new 
kernel or seedling mutations segregated in the self-progeny of the 
outcross of this plant. Régénérant progeny of this line were also 
tested for activity by similar means (Figure 4). The selfed progeny of 
these crosses did segregate for mutant phenotypes, indicating that 
new mutations were generated in outcrosses of individual Ri and R3 
plants. Because these new seedling mutants did not always show 
somatic instability, it cannot be said with certainty that these are 
Mutator-induced mutations. The range of new mutant phenotypes, 
however, suggests the activity of a transposable element system such 
as Mutator. One instance of somatic Instability which was seen in a 
seedling mutant in the selfed progeny of an Rg outcross gives 
Increased validity to the supposition of Mu reactivation. In active 
1 3 8  
Mutator lines, somatic instability is seen in only about 40% of new 
Mutator-induced mutations, while the remaining 60% are seemingly 
stable. Thus, it is possible that in the low number of new mutants 
generated, only the stable variety was observed. 
Approximately half of the Mu elements in the E.99/Mutator 
embryogénie caUus line (657-2B) were modified at the Hinfl sites, and 
the rest were unmodified (Figure 5, lane 1), even though the Mu 
parent was a Mu-loss plant. However, the state of Mu element 
modification may not accurately reflect transpositional activity. It has 
been observed that loss of germinal (transpositional) activity in 
Mutator plants does not necessarily correlate with either Mu-element 
Hfnfl-site modification or loss of somatic instability (Robertson 1987; 
Roth and Robertson 1987). To date, Mu-element modification has 
been shown only to correlate with loss of somatic mutability (Chandler 
and Walbot 1986; Bennetzen 1985), which serves as an indicator of 
Mu-element excision. Molecular analysis of the DNA from RQ, Rl, and 
RS mutant and wildtype seedlings by digestion with Hinfl showed 
nearly complete Mu-element modification in each case, although 
restriction fragments of 1.3 kb may represent one or more unmodified 
elements (Figure 5, lanes 2 - 17). Nevertheless, it is possible that Mu 
elements in these regenerate plants were capable of transposition to 
new sites. Any newly-induced mutations, however, would be expected 
to be somatically stable as a result of Mu-element modification. 
Analysis of 1199/Mutator régénérant progeny indicates that new 
mutations occurred in outcrosses of Ri through R3 plants, making 
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them post-culture events. In one particular family (87-88-2716), 
mutations continued to appear in fourth-generation regenerate plants 
(Tables 3 and 4). Although culture-induced chromosomal 
rearrangements might be expected to introduce some measure of 
instability, previous reports have not indicated that regenerate plants 
themselves are inherently unstable. Somaclonal variation, by 
definition, is that variation resulting from plant tissue culture, and is 
typically described in primary régénérants (Rq) or their first (Ri) or 
second (R2) generation progeny (Phillips et al. 1988). McCoy and 
Phillips (1982) and Edallo et al. (1981) reported mutations in 
regenerate plants which were not seen until the R2 generation. 
However, the mutants they observed probably resulted from a lack of 
concordance between pollen and egg cells in the original regenerated 
plants (Ro). Data from our study of A188/Mutator régénérants give 
similar indications. Such a genetic nonconcordance, however, is not 
an appropriate explanation for the appearance of mutants in third- or 
fourth-generation regenerate plants. 
It has been suggested that at least one possible mechanism for 
somaclonal variation is the activation of transposable element systems 
(Peschke et al. 1987). A few unstable mutant phenotypes have been 
previously described following regeneration from tissue culture 
(Armstrong, 1986; Woodman and Kramer 1986), but most are 
seemingly quite stable (Phillips et al. 1988). In this study, the 
culturing of embryos from a Mu-loss line resulted in the appearance of 
stable mutant phenotypes in several generations of régénérants. 
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Because of the frequency and variety of seedling mutants produced, it 
seems probable that a low-level restoration of transposable element 
activity occurred, resulting in the stable insertion of Mti elements into 
new positions in the genome. The mechanism for this putative 
reactivation remains unclear. Chromosome breakages and 
rearrangements have been shown to result from tissue culture, and 
these rearrangements could lead to transposable element activation. 
Such culture-Induced chromosome instability could possibly render 
subsequent generations of régénérant progeny unstable, as well. Also, 
it is possible that culture-induced altérations In the methylation of 
transposable element DNA, however brief, could be responsible for the 
restoration of Mutator activity, if absence of methylation is required for 
activity. 
Somaclonal variation has proved to be a rich source of genetic 
variability in many plant species and is being used extensively in crop 
improvement strategies (Evans 1989; Larkln 1985; Karp and Bright 
1985; Orton 1984). The linkage of the mutagenic capacity of an active 
transposable element system such as Mutator with the variation-
producing capacity of tissue culture could broaden the range of genetic 
variation that is presently achieved by each system alone. The 
demonstration of retention of Mutator activity through a tissue culture 
phase when embryos from active Mutator lines are cultured is an 
Important step in this direction. Also, observations that Mutator 
activity can be maintained and possibly even restored through an in 
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vitro stage could prove useful In increasing the understanding of the 
nature of Mutator activity as well as the nature of somaclonal variation. 
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SECTION IV. TISSUE- OR DEVELOPMENT-SPECIFIC 
DIFFERENCES IN MLT-ELEMENT 
MODIFICATION AND GENOMIC POSITION IN 
PLANTS REGENERATED FROM CULTURED 
EMBRYOS OF MUTATOR LINES 
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ABSTRACT 
In the Mutator system, both Mu-element transposition and excision 
seem to be developmentally regulated, although these processes are not 
necessarily concomitant. This study investigated whether such regulation 
was reflected in differences In Mu-element activity among various tissues 
of a plant. Southern analysis was used to examine Mu-element 
modification and genomic position in DMA from tissues of plants 
regenerated from tissue culture. Loss of Mutator somatic activity 
(indicating Mu-element excision) has been shown to correlate with the 
modification of Mu elements (Chandler and Walbot 1986). Mu-element 
modification differences were seen between Immature cob tissue vs. leaf, 
husk, and tassel tissues of primary régénérants (Ro) of an H99/Mutator 
callus line. Possible element-specific differences in modification were 
also observed between leaf and various tissues of Ro plants from a bz-
Mum8 callus line. Further study will be required to investigate whether 
these modification differences reflect the influence of tissue- or 
development-specific factors, or differences in the levels of maturity of 
the tissues examined. Alterations were also seen in genomic positions of 
individual Mu elements among tissues of H99/Mutator Ri progeny. The 
absence of a Mu-homologous restriction fragment in the DMA of a 
particular tissue relative to other tissues of the same plant indicates that 
tissue-specific Mu-element excision occurred. 
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INTRODUCTION 
McClintock (1956a; 1956b; 1984). described transposable 
elements in maize as "controlling elements" to point out their possible 
involvement In tissue-specific or developmental control of genes. 
Genetic studies have shown that elements transpose at characteristic 
times and frequencies in the development of the plant (Review, Federoff 
1989). Thus, a transposable element can impose a new pattern of 
developmental expression on a gene, while it is subjected to 
developmental control itself. To date, tissue or developmental influences 
on plant transposable elements have been studied primarily by analysis of 
spatial patterns of revertant sectors (McClintock 1956a, 1965, 1967; 
Peterson 1966; Coen et al. 1986; Review, Federoff 1989). Size, shape, 
and frequency of revertant wlldtype sectors on a mutant background all 
reflect the tissue-specific influences on and developmental timing of 
transposable element excision. 
An example is the Mutator transposable element system, in which 
the pattern of somatic sectoring Indicates that Mu-element excision is 
under developmental control. The appearance of small, uniform 
revertant sectors in active lines of Mutator indicates that Mu-element 
excision occurs relatively late in the development of somatic tissues 
(Robertson 1978; Bennetzen 1985; Robertson et al. 1985; Walbot et al. 
1986). The size and shape of sectors are consistent and independent of 
the particular mutant locus, suggesting an over-all developmental trigger 
for Mu-element excision. Few germinal revertants of Mix-induced 
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mutations have been reported, indicating that excision rarely occurs early 
In development of the plant. 
Mu-element transposition, as well ^ excision. Is also apparently 
under developmental regulation, although the timing differs. 
Tfansposltion has been shown to occur either relatively late in the 
development of the germllne, around the time of melosls (Robertson 
1980, 1981, 1984) or very early in the development of the embryo 
(Robertson 1985, 1986, 1988). This germinal activity is detected by 
segregation of new mutant phenoiypes in the self-progeny of Mu 
outcrosses, whether or not they show somatic Instabilliy (Robertson 
1978). 
Modification of transposable element DNA has been shown to 
correlate with Inactivity in the Ac/Ds, Sprru and Mutator transposable 
element systems in maize (Bennetzen 1985; Chandler and Walbot 1986; 
Schwartz and Dennis 1986; Chomet et al. 1987; Federoff et al. 1988). 
Although few studies have examined tissue or developmental influences 
on modification, Bennetzen et al. (1988) reported that the ratio of 
modified to unmodified elements increased during the development of 
the plant. 
In this study we compared the modification of Mu-element 
populations In various tissues (Immature cob, mature leaf, seedling shoot, 
tassel, or husk) of plants regenerated from cultured Mutator embryos. 
The embiyogenlc callus lines contained either modified or a mixture of 
modified and unmodified Mu elements. Using Southern (1975) analysis, 
modification was assessed by the failure of the restriction enzyme Hinfl to 
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cleave DNA at sites located within Mu-element inverted terminal repeats 
(Fig. 1). Mu-element modification differences were observed between 
leaf and immature cob tissues in primary régénérants from an 
H.99/Mutator embryogenic callus line, and also between leaf and various 
other tissues in primary régénérants from a bz-MuwS embryogenic callus 
line. These variations may reflect tissue- or development-specific 
Influences on the modification status of individual Mu elements or on 
whole populations of Mu elements within a cell. We also compared Mu-
element genomic positions In various tissues by digesting DNA with 
restriction enzymes that cleave sequences flanking Mu elements. This 
analysis showed differences in Mu-element hybridization patterns among 
immature cob, husk and leaf tissues in ¥199/Mutator régénérant progeny. 
Loss of a restriction fragment in a particular tissue relative to other 
tissues analyzed may represent Mu-element excision in response to 
tissue-specific or developmental stage-specific factors. 
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MATERIALS AND METHODS 
Stocks and Crosses 
Mutator stocks were generously supplied by D. S. Robertson, Iowa 
State University. H99 seed was a gift from W. A. Russell, Iowa State 
University. bz-MumS is a bronze mutation In a Mutator line (Brown et al. 
1989). 
Embryogénie Callus Lines 
Fi immature embryos from crosses of H99 with Mutator stock 
(Mu^, the first-generation progeny of a cross between two standard 
Mutator lines) and from self-pollinations of bz-MuxnS lines which showed 
evidence of somatic instability were initiated and maintained in culture as 
previously described (James and Stadler, 1989). Type II embryogenic 
callus (Armstrong and Green 1985) was selected and propagated in 
biweekly transfers. 
Regeneration of Plants 
Plants were regenerated from a callus line (657-2B) derived from 
an H99/Mutator cross in which the Mu^ parent had lost Mutator activity. 
Primary régénérants from this line (Ro) were self-pollinated, producing 
Rl progeny. Plants were also regenerated from three sibling bz-Mum8 
callus lines (638-2A, B, and C) which derived from the self-pollination of 
one bz-Mum8 plant. Regeneration was begun after approximately 6 
months in culture by removal of auxin from the culture medium and 
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placement of the callus tissue under constant illumination. Plantlets 
were removed to soil and grown at 280C under cycled light (16 h). 
DNA Isolation and Southern Hybridization 
DNA was isolated (Dellaporta et al. 1983) from leaf, immature cob, 
husk, and tassel tissues of primaiy régénérants and their progeny (RQ 
and Ri) from callus line 657-2B, and from leaf, immature cob, and tassel 
and meristematic (shoot) tissues of primary régénérants (RQ) derived 
from callus lines 638-2A, B, and C. Restriction digestion of DNA and 
Southern hybridizations were performed as previously described (James 
and Stadler 1989). Digestion of plasmid pMJ9, which contains the Mul 
element, with Mul yielded a 960 bp fragment which was used as a 
hybridization probe. This fragment encompasses the internal portion of 
the Mul element and a small portion of one of the inverted terminal 
repeats (Figure 1). Probes were made radioactive with 32p t>y the 
random hexamer primed method (Boehringer Mannheim) (Feinberg and 
Vogelstein 1983). 
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RESULTS 
Variation in Mu-element Modification among 
Tissues of Maize Régénérants 
Mu-element modification status was assessed by restriction 
digestion of genomic DNA with the enzyme Hinfl. Although there are 
conflicting reports on the methylation sensitivity of Hinfl (Gruenbaum et 
al. 1981; McClelland and Nelson 1985), modification at Mu-element Hinfl 
sites is thought to result from deoxycytosine methylation (Chandler and 
Walbot 1986). In maize, approximately 25% of the deoxycytosine 
residues are methylated, primarily at CpG or CpNpG sites (Hake and 
Walbot 1980). Hinfl sites are located inside Mu-element inverted 
terminal repeats (Figure 1) such that if these sites are unmodified, 
complete digestion with this enzyme results in a Mu J-homologous 
restriction fragment of approximately 1.3 kb. Also, because MuJ is highly 
homologous to a larger Mu element, Mul.7, a restriction fragment of 1.7 
kb is often seen. If the Hinîl sites are modified, however, the enzyme 
will fall to cleave the DNA at these sites (Chandler and Walbot 1986). In 
that case, a ladder of bands larger than 1.3 kb results after hybridization 
with a MuJ probe. Each of the MuJ-homologous restriction fragments in 
the ladder represents at least one Mu element in the genome. 
Comparison of Hfnfl restriction digests of DNA from H99/Mutator 
callus line 657-2B and various tissues of its primary régénérants (Rq) 
revealed differences in Mu-element modification. Analysis of callus line 
657-2B revealed an approximate ratio of 50% modified: 50% unmodified 
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probe 
100 bp 
Figure 1. Restriction map of the Mul element. Abbreviations are: B, 
BstEll: H, Hinfl; M. Mliii; T, TthlllL The MM fragment 
used as a hybridization probe is designated. 
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Mu elements In this tissue (Figure 2, lane 1). Similar analysis of DNA 
from the immature cob of one primary régénérant showed an identical 
Mu J-hybridization pattern (Figure 2, lane 4). However, HinR digestion of 
DNA from husk tissue of the same primary régénérant (Figure 2, lane 5) 
and from leaf and tassel tissue of another primaiy régénérant (Figure 2, 
lanes 2 and 3) showed that these tissues contained only modified Mu 
elements. Comparison of the restriction fragment patterns in the ladders 
of bands greater than 1.3 kb (representing modified Mu elements) 
revealed identical hybridization profiles in all samples. This suggests that 
the callus and RQ immature cob tissues contained either heterogeneous 
populations of cells (those with unmodified Mu elements, and those with 
modified elements) or homogeneous cell populations with some 
unmodified elements in each cell. In contrast, cell populations in RQ 
leaf, tassel, and husk tissues were probably homogeneous, containing only 
Mu elements which were modified. 
Hinfl restriction analysis of bz-Mum8 plants regenerated from an 
embryogenic line (638-2A) which contained modified Mu elements 
showed subtle changes in modification patterns between leaf and other 
tissues. DNA from the callus line had a Mu-element population which 
became even further modified in culture (Figure 3A, lanes 1-4). Similar 
examination of various tissues from primary régénérants revealed that 
Mu-element modification in the young tassel, immature cob and seedling 
shoot tissues matched that of the early callus DNA (Figure 3B, lanes 1, 3, 
5, and 7). Small variations in Mu modification were detected, however, 
between these tissues and that from mature leaves in two of the 
Figure 2. Hybridization of a Mul probe to Hinfl-restriction digests of 
DNA from callus tissue of H.99/Mutator embryogenic line 
657-2B (lane 1), leaf tissue from one primary 
régénérant (Ro-#3) of callus line 657-2B {lane 2), tassel 
tissue from Ro-#3 (lane 3), immature cob tissue from a 
second primary régénérant (Ro-#4) of callus line 657-2B 
(lane 4), and husk tissue from Ro-#4. 
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régénérant plants. Beneath a ladder of Mu-homologous fragments 
representing modified elements, a restriction fragment of 1.3 kb was 
seen in DNA from Immature cob or shoot tissues of two régénérants 
(Figure 3B, lanes 4 and 6) which was not present in the DNA from older 
leaves of these plants (Figure SB, lanes 3 and 5). Conversely, a higher 
molecular weight fragment was seen in the mature leaf tissue DNAs of 
these two plants which was not seen In the DNA from cob or shoot, 
respectively. Although this modification difference was detected using a 
Mul-homologous probe, the altered restriction fragment pattern may, in 
fact, reflect tissue-specific modification changes in Hinfl sites flanking 
these Mix elements. 
Variation in Genomic Position of Mu Elements among 
Tissues of Regenerated Plants 
DNA from first-generation regenerate progeny (Ri) from 
B.99/Mutator callus line 657-2B was examined by Southern analysis using 
restriction enzymes which cleave outside Mu elements, and hybridization 
with a Mul probe. In three instances, specific restriction fragments 
which were present in immature cob tissue were missing from leaf or 
husk tissue, or vice versa. Hlndlll-digestion of DNA from one family of Ri 
plants revealed variation in DNA banding patterns in immature cob vs. leaf 
and husk tissue from plant #88-141-2 (Figure 4A lanes 1 - 3). Mul-
homologous restriction fragments of approximately 4.8, 5.4, and 6.2 kb 
that were present in DNA from the immature cob of this plant were 
absent in DNA from either husk or leaf. In plant #88-176-6, Hindlll-
Figure 3. Hinfl-restriction digests of DNA from: A, sequential samples of callus tissue of bz-Mum8 
e m b r y o g e n i c  l i n e  6 3 8 - 2 A  ( T 5 - 1 7 ,  T i 8 - 2 2 .  T 2 4 .  a n d  T 2 5 - 2 9  i n  l a n e s  1 - 4 ,  
respectively); and B, plant tissues of four primary régénérants (RQ) of callus line 638-2A 
(leaf tissue, lane 1, and tassel tissue, lane 2, of Ro-#i; leaf tissue, lane 3, and immature 
cob tissue, lane 4, of Ro-#2: leaf tissue, lane 5, and shoot-tip tissue, lane 6, of Ro-#3; 
and leaf tissue, lane 7, and immature cob tissue, lane 8. of Ro-#4). Hybridization was 
with the Mul probe. 
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digestion revealed that a 3.8 kb fragment present in DNA from the 
immature cob of was absent in DNA from the husk, whereas two 
fragments present in husk DNA (approximately 1.6 and 1.8 kb) were 
absent in that from immature cob (Figure 4A, lanes 4 - 5). Figure 5B 
shows similar results for 88-176-6 using Xbcd. Because all of the 
fragments that varied were present in Mui-hybridization profiles of husk 
tissue from a prlmaiy régénérant (Ro) (data not shoTvn), they were not 
considered to be novel fragments. Thus, It Is their absence in a particular 
tissue that is notable and may reflect tissue-specific Mu-element excision. 
Analysis of immature cob, leaf, and husk tissues from Ri plants 
derived from another primary régénérant of this callus line using the 
restriction enzyme EcoRI gave similar results. In this case, a Mul -
homologous restriction fragment of approximately 2.6 kb which was 
present in DNA from Immature cob and husk tissue in plant #88-140-7 
was missing in DNA from tissue of the leaf (Figure 5A, lane 8). Because a 
2.6 kb EcoRI fragment was present in DNA from tissues of primary (Rq) 
régénérants, its absence in leaf tissue DNA represents a tissue-specific 
loss. Differences in Mu J-hybridization pattern among the tissues of this 
plant were not detected using Hinûlïl (data not shown). A summary of 
these analyses is presented in Table 1. 
Figure 4. A: HindIII-restriction digests of DNA from tissues of the 
self-progeny (Ri) of a plant (Ro-#2) regenerated from 
H99/Mutator embiyogenic callus line 657-2B (leaf, 
immature cob, and husk tissues, respectively, of Ri plant 
88-141-2 in lanes 1-3; immature cob and husk tissues of 
Rl plant 88-176-6 in lanes 4 and 5). B: Xbal-restriction 
digests of DNA from immature cob and husk tissues, 
respectively, of Rl plant 88-176-6. Hybridizations were 
with the Mul probe. Arrows mark restriction fragment 
differences between tissues. 
1 6 4  
Figure 5. A: EcoRI-restriction digests of DNA from tissues of the self-progeny (Ri) of a plant (Rq-
#l) regenerated from H99/Mutator embryogenic callus line 657-2B (immature cob, leaf, 
and husk tissues, respectively, from Ri plant 88-140-4 in lanes 1-3; from Ri plant 88-
140-6 in lanes 4-6: and from Ri plant 88-140-7 in lanes 7-9). B: Overexposure of 
autoradiograph showing immature cob, leaf, and husk tissues of plant 88-140-7 (lanes 1 
- 3, same as lanes 7-9, A). Hybridization was with the Mul probe. 
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Table 1. Summary of Mu J-homologous restriction fragment differences 
among tissues of H99/Mu^ Ri régénérant progeny 
Rl plants regenerated from Mul-homologous restriction 
callus line 657-2B fragment differences (size Ikb]) 















% Progeny of R0-#1. Of five Ri progeny of R0-#1 examined, four 
showed no restriction fragment differences among tissues. DNA from 
this plant was digested with ECoRI. 
" Progeny of Ro-#2. Of five Ri progeny of Ro-#2 examined, three 
showed no restriction fragment differences among tissues. DNA from 
these plants was digested with Hindlll. 
CNo data was available. 
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DISCUSSION 
In this study, we have detected differences in modification status of 
Mu-element populations among various tissues of regenerated plants. 
Unmodified Mu elements, as evidenced by a dense Mu-homologous Hinfl 
restriction fragment of 1.3 kb, were seen In DNA from immature cob 
tissue of a primary régénérant (Ro) but not in DNA from other Rq tissues 
(leaf, husk, or tassel). This restriction fragment, also present in DNA 
from callus tissue of this line, may represent unmodified Mu elements 
within a subpopulation of cells in these tissues, or mixtures of modified 
and unmodified elements within the entire population of cells. The 
observed variation in Mu-element modification between tissues of three 
bz-Mum8 régénérants probably involves the same element or elements 
because in all three régénérants, an identically-sized Mu J-homologous 
restriction fragment was present in leaf DNA. This high molecular 
weight fragment was not present in DNA from other tissues analyzed in 
these plants and probably reflects the modification in leaf tissue of a 
previously unmodified Mu element. 
There are at least four possible explanations for the observed 
tissue-specific differences Mu element modification in H99/Mu and bz-
Mum8 régénérants. First, it is possible that regenerated plants in which 
variation was seen were of multicellular origin. Although a single-cell 
origin for plants regenerated from Type II embryogénie callus is thought 
to be typical (Lu and Vasil 1985; Magnusson and Bomman 1985; Kamo et 
al. 1985; Armstrong and Green 1985), evidence for multicellular origins 
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has also been found (VasU et al. 1985; Armstrong 1986). If a cell from a 
callus subpopulation with unmodified Mu elements or a mixture of 
modified and unmodified elements had contributed to the origin of the 
plant, any tissue derived from this cell could reflect that modification 
status. Second, unknown tissue-specific or stage-specific factors could 
have been present to protect Mu elements from modification by cellular 
methylases. If such protective factors were sufficiently present only in 
certain tissues (such as callus and immature cob) some Mu elements 
could remain unmodified in those tissues. Third, absence of modification 
of one or more elements could be due to position effects within the 
genome. If an element resided in or near DNA that was protected firom 
modification in a particular tissue, that element could remain 
unmodified, as well. Finally, the lower level of Mu-element modification 
seen in specific tissues may be due to the immaturity of those tissues. 
Although mature tassel and cob tissues are developmentally older than 
leaf and husk tissues, immature tassels and cobs, like seedling shoots, are 
younger with respect to tissue maturation. It is possible that modification 
progresses with maturation of a particular tissue, rather than the 
developmental stage that tissue represents within the plemt. A 
mathematical model formulated by V. Walbot (Department of Biological 
Sciences, Stanford University, Stanford, California, personal 
communication) that predicts an increase in genomic modification with 
tissue maturity lends support to this argument. It is important to note 
that the observed restriction fragment differences may not represent 
alterations in Mu-element modification at all, but may instead reflect 
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tissue-specific changes in Hinfl-site modification in DNA flanking Mu 
elements. In this case, Mu elements would serve as the molecular 
markers for such events. Further study , is needed to determine if the 
modification differences are, if fact, Mu-specific. 
In this study, we also present evidence for tissue-specific 
differences in Mu-element genomic position in second generation 
régénérants of H99/Mutator callus tissue. Analysis of Ri plants that were 
phenotypically normal revealed an absence of one or more Mu-
homologous restriction fragments In DNA in one tissue of the plant 
relative to another. In one plant, the absence was detected in both leaf 
and husk tissues relative to tissue from the immature cob. In a second 
plant, comparison was made only between immature cob and husk 
tissues, with each tissue showing an absence of restriction fragments 
relative to the other. The third plant in which variation was seen had a 
restriction fragment missing in DNA from leaf tissue relative to both 
immature cob and husk tissues. 
It is unlikely that these restriction fragment differences among 
tissues can be traced to somaclonal variation. Although it is known that 
tissue culture can induce chromosomal rearrangements and deletions 
which could be reflected as altered restriction fragments (Brown and 
Lorz 1986; Lee and Phillips 1988), the tissue-specific differences in Mu-
genomic position observed in this study have never before been reported. 
Chromosomal evidence for tassel sectoring and phenotypic evidence for 
nonconcordance of structural-gene encoded phenofypes have been 
reported in regenerated plants derived from embryogénie cultures 
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(Benzlon et al. 1986; Edallo et al. 1981; McCoy and PliUUps 1982). 
However, the heterogeneity implied by sectoring is present within a 
tissue, rather than between tissues, and nonconcordance refers to 
phenotypic and genoiypic differences between the tassel and ear. The 
possibility for nonconcordance between husk and leaf tissues, for 
example, seems remote as these tissues have the same developmental 
origin (Coe and Neuffer 1978). 
It is more likely that restriction fragment absences in a particular 
tissue truly represent Mu-element excisions. Excision could be regulated 
in a tissue-specific manner in three ways. First, excision could be linked 
to the tissue-specific expression of the gene in which a Mu element 
resides. If transcription of this gene is a factor in excision, one would 
expect to see no evidence of excision in tissues in which the gene is not 
transcribed. This was the case in one recent study. Taylor and Walbot 
(1987) combined phenotypic with molecular evidence from husk tissue 
to demonstrate Mu-element excision from an unstable allele of the maize 
bzl locus. However, no molecular evidence of excision was detected in 
DNA from pooled immature cob tissues of similarly active lines (V. Walbot, 
Department of Biological Sciences, Stanford University, personal 
communication). Second, excision could display tissue specificity if 
factors that regulate Mu-element excision were tissue-responsive. For 
example, changes in modification of Mu regulators in response to tissue-
specific factors could, in turn, influence Mu-element excision within that 
tissue. And third, Mu-element position in the genome could play a role 
in an apparent tissue-specific excision. If Mu elements are located in 
1 7 2  
genomic positions that undergo conformational change in response to 
tissue-specific factors, the likelihood of excision may increase. 
The Mu-element modification differences and differences in 
genomic position among plant tissues detected in this study may 
represent maturation-level and/or tissue-specific Influences on Mu-
element activity. The connection between Mu element transposition and 
excision is not yet understood. A better understanding of factors that 
influence either type of Mu element activity should help clarify this 
relationship. Further molecular studies of Mu elements using 
nonregenerated plants will be necessary to eliminate the possibility of 
either somaclonal variation or genetic chlmerism contributing to this 
variation. 
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GENERAL SUMMARY 
Active maize Mutator lines are characterized genetically by the 
ability to generate new mutations at a high rate (Indicating Mu-element 
transposition), and by somatic instability at Mutator-induced mutant 
alleles (reflecting Mu-element excision from the locus) (Robertson 1978). 
Because loss of somatic instability correlates with Mu-element 
modification (Chandler and Walbot 1986), molecular characterizations of 
Mu-element modification status and genomic position are also useful 
determinants of Mutator activity. In these studies, Southern analysis was 
used to investigate activity of the Mutator transposable element system in 
an in vitro environment and in plants subsequently regenerated from 
somatic embiyolds. 
The study initially determined that in planta parameters associated 
with Mutator activity could be maintained in vitro. Embryogénie callus 
lines established from the Fi s of crosses between active Mutator stock 
and maize inbreds A188 and H99 retained high Mu-element copy 
numbers, and over half of these callus lines had populations of Mu 
elements that were unmodified. Subclonal populations from A188/Mu^ 
and H99/Mu^ embryogénie cultures were used to detect Mu-element 
mobility in culture. Novel Mu-homologous restriction fragments occurred 
in 38% of the subpopulations containing unmodified Mu elements, but 
were not seen in control cultures containing modified Mu elements. 
Thus, it was concluded that Mu elements from active Mutator lines can 
remain transpositionally active in tissue culture systems. 
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The investigation of Mutator activity was extended from callus 
tissue itself to plants regenerated from Mutator-derived embryogenic 
cultures. Regenerated plants and their progeny from both an active and a 
Mu-loss Une were examined by genetic and molecular means to 
determine the effects of tissue culture and regeneration on activity. The 
progeny of plants regenerated from an active Mutator callus line 
maintained Mutator activity, as detected genetically by the segregation for 
new mutant phenotypes and molecularly by the appearance of Mu-
homologous restriction fragments novel to the régénérant progeny. 
Segregation for new seedling mutations in third- and fourth-generation 
régénérant progeny of a callus culture derived from an inactive (Mu-loss) 
line suggested that a low-level reactivation of Mutator activity occurred in 
these progeny plants. 
Mu-element transposition and excision are thought to be 
developmentally-regulated processes, although they are not necessarily 
coupled. To explore possible tissue- or development-specific influences 
on Mu-element excision, embiyogenic and endosperm cultures were 
established from maize lines in which Mu elements were known to have 
inserted at particular endosperm and aleurone reporter loci (wx-Muml 
and bz-Mum8). Somatic instability was demonstrated phenotypically in 
endosperm callus tissues of both lines, indicating that excision occurs in 
endosperm (and aleurone) tissues in vitro as well as in planta. 
Furthermore, the pattern of sectoring seen in the callus tissues of both 
lines suggested that Mu-element excision in vitro was subject to similar 
developmental regulation as is observed in planta. Southern analysis of 
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embryogenic callus lines established from immature embryos of wx-
Muml and bz-Mum8 plants showed no evidence of Mu-element excision 
from these mutant loci, despite an absence of Mu-element modification 
in three wx-Muml embryogenic lines. Although it is possible that 
detection of excision was not possible because of the limits of resolution 
of Southern analysis, this study hints that the expiant source may be 
crucial to the analysis and that Mu-element excision may be subject to 
tissue-specific controls. 
The question of tissue-specific influences on Mutator activity was 
further explored In plants regenerated from somatic embryos. Southern 
analysis was again used to examine Mu-element modification and genomic 
position in various tissues of regenerated plants. Differences were 
detected in populations of Mu elements in leaf, husk, and tassel tissues 
vs. immature cob tissue of primary régénérants of an H99/MU^ callus line. 
In addition, possible element-specific differences were noted between 
leaf and various other tissues of three bz-Mum8 régénérants. The 
modification differences may reflect tissue- or development-specific 
influences, or may result from differences in the maturation levels of the 
tissues examined. Alterations in genomic positions of Mu elements 
among tissues of three H99/Mu^ Ri plants were indicated by absences of 
Mu-homologous restriction fragments in a particular tissue relative to 
other tissues of the same plant. Such positional differences indicated 
that tissue-specific Mu-element excision had occurred. 
In conclusion, these studies have provided the first evidence for 
Mutator activity in maize embryogenic and endosperm callus cultures and 
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in plants regenerated from tissue culture. Because of the high mutagenic 
capacity of the Mutator system (Robertson 1978) and because Mix 
elements have been shown to insert at virtually all maize loci investigated 
(Bennetzen et al. 1987), active Mu elements in embiyogenic callus lines 
should be useful in tn vitro mutagenesis, selection, and transposon 
tagging schemes. The application of a mutagenic system such as Mutator 
in combination with plant tissue culture should also serve to broaden the 
capacity of each system to produce useful somaclonal variants. These 
studies have also provided preliminary indications of possible tissue- or 
development-specific influences on Afu-element excision. Further 
investigations in this area will be useful and necessary to confirm these 
initial findings and to extend the search for factors which regulate or 
affect Mutator activity. 
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